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ABSTRACT
Lithostratigraphy, magnetostratigraphy, and K/Ar ages from Flateyjarskagi, north
central Iceland, reflect tectonic reorganization of crustal accretion zone activity ~ 7 Ma.
Two flood basalt piles are in unconformable contact along this western flank of the
Northern Volcanic Zone (NVZ). The older ranges in age from ~ 9.5 to 13 Ma and is
largely composed of tholeiite flows. In eastern Dalsmynni the upper to middle portions
of this older basaltic pile define a 15°-35° SE dipping, monoclinal flexure developed ~ 67 Ma during early development of the present NVZ. Lavas of a flood basalt group
younger than about 6.5 Ma were deposited uncomformably on the older, flexured basalt
pile. These postflexure age flows mostly consist of compound doleritic basalts and
olivine tholeiites; possible tillites are found in the upper portion of this sequence. The
unconformity between the older and younger basalt piles represents a major structural,
temporal, and lithological boundary in north central Iceland. Zeolite zones appear
subhorizontal through the Dalsmynni flexure zone and have been largely reset,
subsequent to flexuring, by westward onlap of the younger basalt sequence onto the older
subsided and flexured flows. Radiometric ages, regional isochron patterns and timing
constraints for Tjörnes Fracture Zone-related shear deformation indicate the model of a
singular, ~ 130 km eastward jump of the axial rift zone in north Iceland, ~ 6-7 Ma, is too
simple. Crustal accretion older than 12 Ma along a “proto-NVZ” is apparently required,
indicating that northern Iceland has had multiple-branched crustal accretion zones up
until about 7 Ma, at which time a single spreading zone along the present NVZ
developed.
We provide the first direct confirmation of large distributed rotational shear along
an active transform within autochthonous oceanic crust, based on work along the Tjörnes
Fracture Zone (TFZ). Over an 11-km broad region, dike and bedding composite trends
show progressive northward clockwise curvature up to 110°, but a tectonic shear
interpretation for this curvature has been controversial. Paleomagnetic analyses of three
lava sequences in the zone of pronounced structural curvature indicate large clockwise
rotations about apparent vertical axes have occurred, 98°-113° at two sites, and 149°-
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164° at the most deformed site, depending on the chosen reference declination.
Comparisons of mesofracture orientations (n = 2041), from the southern and northern
parts of the study area, are consistent with and permissive of the shear zone hypothesis.
Regionally distributed shear deformation has been reported from many continental
transcurrent and transform settings, and from allochthonous oceanic crust in some
ophiolites, but there are few submarine analogs. Rotational normal faulting in north
Flateyjarskagi has caused NW lava dips of 30°-45°. Kinematic stereonet modeling
suggests that the idealized, incremental combination of clockwise rotations about vertical
axes, with normal fault rotations about horizontal axes, can lead to the apparent “over
rotation” of the paleomagnetic declinations by ~ 40°-80°. This potential issue is
geometrically tied to the steep inclinations (e.g., 75°) of the paleomagnetic reference field
directions associated with Iceland’s latitude.
Much of the tectonic literature on Iceland states that spreading in north Iceland
has always occurred along a single rift zone that migrated or jumped to the east and that
the NVZ developed ~ 7 Ma when activity ceased along the western Snæfellsnes-Skagi
Zone (SSZ). However, this is not compatible with observations; multiple lines of
evidence show that spreading about a proto-NVZ has occurred since ~ 13+ Ma. Such
proto-NVZ spreading may have started as early as ~ 26 Ma. Both on-land and marine
evidence suggest that prior to ~ 7 Ma, north Iceland experienced spreading along parallel
(or dual) volcanic rift zones, as presently occurs in south Iceland along the Western
Volcanic Zone and Eastern Volcanic Zone. Robust conceptual models of crustal
accretion in north central Iceland need to incorporate two unusual geologic characteristics
that are spatially associated over a width of ~ 125 km: (1) the regional presence of high
obliquity angles in flows from ~ 7-11+ Ma, which imply offlap of volcanic production to
the south over that time period; and (2) the inferred presence of submerged oceanic crust
that may be as old as 37 Ma.
Flateyjarskagi shear zone deformation started ~ 9.5 Ma, which apparently formed
in conjunction with spreading along a forerunner of the NVZ. Along the latitude of
Flateyjarskagi, this proto-NVZ was apparently largely amagmatic from ~ 9.5 to 7 Ma,
after which buildup of the major younger basalt pile in this area started. In northern
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Flateyjarskagi, this amagmatic period apparently coincided with (1) large tectonic
rotations about subvertical axes due to TFZ shearing, and (2) the imposition of the steep
NW lava dips that are associated with large rotational normal faulting that reflects
regional extensional strain of ~ 13% along a WNW-ESE direction. The TFZ may be a
very long-lived transform zone that started ~ 26 Ma, sharing characteristics with a highly
oblique rift zone.
A large area of approximately E-W trending lava isochrons in the Tertiary series
of north central Iceland, in flows from > 11 Ma to ~ 7 Ma, has a N-S extent of ~ 150 km.
Such isochrons are subparallel to presumed plate flow lines; in other areas of Iceland, as
along the crust flanking most submarine spreading ridges, isochrons are approximately
perpendicular to plate flow lines.
We suggest that over much of north central Iceland, a broad E-W trending region
between the SSZ and proto-NVZ underwent diffuse, non-zonal crustal accretion. Lava
isochrons and dips indicate that this broad region of volcanism retreated to the S over a
time period from > 11 Ma to ~ 7 Ma. The duration of the hiatuses flanking the NVZ
generally decreases from north to south, and they apparently disappear given the
existence of several very long, continuous stratigraphic sections which lack significant
hiatuses. This suggests that volcanic production along central Iceland has been quite
continuous during the last 13 Ma, and that the NVZ hiatuses were developed by a
combination of (1) southward retreat of the zonal volcanism along a proto-NVZ from ~
9.5 to 6.5-7 Ma (after which renewed zonal volcanism along the re-established NVZ
occurred as far north as Flateyjarskagi, resulting in the accumulation of the younger
basalt pile), and (2) the age distribution of the flexured, older basalts that were buried by
the renewed NVZ volcanism. Volcanic rift zone activity at a given location along most
of the NVZ has been relatively transient, while more southerly (“hotspot”?) volcanism in
central Iceland has persisted for at least 13 Ma.
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Snæfellsnes Syncline (and axial line of “extinct” Snæfellsnes Axial Rift Zone);
BA, Borganes Anticline crestline; EA, Eyjafjörður Anticline crestline; HA,
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Chapter 1

Introduction

Overview
It has been about 80 years since Nielsen (1930, 1933) first suggested that Iceland
was being rent by regional extension, manifest in the characteristic fissure volcanism and
linear extensional tectonic features of the island. Nielsen apparently was influenced by
Alfred Wegener's (e.g., 1912, 1929) ideas concerning continental drift (cf. Pálmason and
Sæmundsson, 1974). Subsequently, much effort has been spent in search of a coherent,
defensible model of crustal drift in Iceland, but the island's complex geology and
bedrock-age distribution have frustrated uniform agreement among workers (e.g.,
Björnsson, 1967; Jacoby et al., 1980; Foulger, 2006).
Figure 1-1 (the figures are placed at the ends of each of this dissertation’s
chapters) shows the location of Iceland in the North Atlantic, along the intersection of the
Mid-Atlantic Ridge and the transverse, aseismic Greenland-Iceland-Faroe-Scotland series
of swells and ridges. Iceland is the world’s largest subaerial exposure of the mid-oceanic
ridge system. Figure 1-2 is a winter satellite image of Iceland showing the topography.
Figure 1-3 is a geologic map of Iceland (the white areas are glaciers). Figure 1-4 is a
shaded relief map of Iceland showing the linear fissure volcanic systems (rift zones). Rift
zones comprise en echelon basaltic fissure swarms ~ 5-15 km wide and up to 200 km
long, and they form the infrastructure of neovolcanic zones trending to the northeast in
south Iceland (where there are two parallel branches) and to the north in north Iceland
(presently a single branch). Over time, most fissure swarms develop a volcanic center
that can mature into a central volcanic complex characterized by acidic (silicic)
volcanism and caldera collapse.
With the widespread acceptance of the plate-tectonic paradigm in the mid-1960s,
it generally was appreciated that subaerial exposure of the Mid-Atlantic Ridge in Iceland
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provides important opportunities for direct study of volcanic and structural evolution
along an oceanic, divergent plate boundary. Ultimately, the predictive capacity of the
plate-tectonic model has facilitated synthesis of many apparently unrelated geological,
geochemical, and geophysical observations in Iceland. Over time, many of these
observations are seen in the context of crustal accretion over a mantle plume (e.g.,
Steinthorsson and Jacoby, 1985; Bjarnason, 2008; Harðarson et al., 2008), but
alternatives to the plume hypothesis exist (e.g., Foulger et al., 2005). Conceptual models
of zonal volcanism associated with rift zone spreading predominate in the geologic
literature of Iceland, but such models are complicated by shifting or jumping rift zones.
A large Tertiary crustal block in north-central Iceland may have been generated by
relatively long-lived diffuse, non-zonal volcanism (discussed in Chapters 2 and 5 of this
dissertation).
Study of transform fault zones on the Iceland plateau has been limited by poor
surface expression and limited subaerial exposure. A key area of exposure of structural
elements associated with the evolution of both the Tjörnes Fracture Zone (TFZ) and the
Northeast Iceland Axial Rift Zone (NEIARZ) has been investigated in the peninsular
region of Flateyjarskagi, between Eyjafjörður and Skjálfandi in north-central Iceland
(Figure 1-5). Northern Flateyjarskagi structural elements suggest deformation of TFZmarginal rocks in this area by right-lateral, heterogeneous simple shear (see Chapter 4 of
this dissertation).
The main objectives of this dissertation are to (1) characterize the stratigraphy and
structure of the bedrock in Flateyjarskagi and surrounding areas; (2) summarize the
paleomagnetic and structural evidence for large tectonic rotations in northern
Flateyjarskagi; (3) develop a conceptual model for the volcanic and tectonic evolution of
Flateyjarskagi, which includes the NEIARZ and TFZ; and (4) place the volcano-tectonic
evolution of Flateyjarskagi into the larger context of the geologic evolution of northern
Iceland.
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Development of the Dissertation
This dissertation’s front section of Acknowledgments summarizes some relevant
history of the development of this dissertation. Chapters 2 and 3 of this dissertation
consist of papers that have previously been published: Jancin et al. (1985) in the Journal
of Geophysical Research, and Jancin et al. (1995) in the Journal of Structural Geology.
Jancin et al. (1985) was published as a companion paper to Young et al. (1985) in a
special Iceland issue of the Journal of Geophysical Research. All the chapters of this
dissertation have been formatted as standalone papers, including a list of the reference
citations at the end of each chapter.
This dissertation’s front section of Acknowledgments also summarizes the roles
of the coauthors in the above-cited papers.
Chapters 4 and 5 have not been published, although Chapter 4 is provisionally
ready to be submitted for publication. The development of Chapter 4 included important
contributions from Kirby D. Young and Nebil Orkan. With my input on the locations,
they collected the core samples for laboratory paleomagnetic analysis. Nebil Orkan
conducted the laboratory paleomagnetic work. Both Kirby D. Young and myself drafted
early versions of this paper many years ago, to which I later brought substantial new
content, and he helped with some of the figures. Dr. Barry Voight has guided this work
and provided editorial input. It is a cross he has had to bear.
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Figure 1-1: Geologic map of the North Atlantic showing main physiographic features of the region,
selected Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) drill sites,
distribution of seaward dipping reflector sequences, outcroppings of Tertiary flood basalts, and
locations of main seafloor spreading anomalies. GFZ = Greenland Fracture Zone, SFZ = Senja
Fracture Zone, JMR = Jan Mayen Ridge, JMFZ = Jan Mayen Fracture Zone, IGR = IcelandGreenland Ridge, FIGR = Faeroe-Iceland-Greenland Rise.
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Figure 1-2: Iceland from the NASA Visible Earth image gallery (January 29, 2004).
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Figure 1-3: Geologic map of Iceland (after Sigmundsson and Sæmundsson, 2008).
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Figure 1-4: Volcanic systems in Iceland, as mapped by Einarsson and Sæmundsson
(1987). Background map shows shaded topography. The volcanic systems consist of
fissure swarms (yellow shading with outlines), central volcanoes (thick oval outlines),
and calderas at some of the central volcanoes (red oval outlines). Names of selected
volcanic systems are indicated: Askja (A), Bárdarbunga (B), Grimsvötn (G), Hekla (H),
Krafla (Kr), Katla (Ka), and Oraefajökull (O). Locations of the South Iceland Seismic
Zone (SISZ) and the Tjörnes Fracture Zone (TFZ) are also shown. (After Sigmundsson
and Sæmundsson, 2008.)
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Figure 1-5 (see caption on next page)
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Figure 1-5 (on previous page): Geologic and geographic location map of northern Iceland
(top). The bathymetric high marking the Mid-Atlantic Ridge (MAR) north of Iceland
becomes an axial graben near the Tjörnes Fracture Zone (TFZ). Age distribution of lavas
and on-land structures after Sæmundsson (1980). Fault scarps in TFZ from McMaster et al.
(1977); Húsavík-Flatey fault system (H.f.s.) from Thors (1983) and Sæmundsson (1974).
Northern boundary of TFZ from Sæmundsson (1974). Flateyjarskagi is the boxed
peninsular region in the top diagram.

Chapter 2

Stratigraphy and K/Ar Ages Across the West Flank of the Northeast Iceland
Axial Rift Zone, in Relation to the 7 Ma Volcano-Tectonic Reorganization of
Iceland

Abstract
Lithostratigraphy, magnetostratigraphy, and new K/Ar ages from the region
between Eyjafjörður and Skjálfandi, north central Iceland, reflect tectonic reorganization
of crustal accretion zone activity ~ 7 Ma. Two flood basalt piles are in unconformable
contact along this western flank of the Northeast Iceland Axial Rift Zone (NEIARZ).
The older ranges in age from ~ 9.5 to 13 Ma and is largely composed of tholeiite flows.
In eastern Dalsmynni the upper to middle portions of this older basaltic pile define a 15°35° SE dipping, monoclinal flexure developed ~ 6-7 Ma during early development of the
present NEIARZ. Lavas of a flood basalt group younger than about 6.5 Ma were
deposited uncomformably on the older, flexured basalt pile. These postflexure age flows
mostly consist of compound doleritic basalts and olivine tholeiites; possible tillites are
found in the upper portion of this sequence. The unconformity between the older and
younger basalt piles represents a major structural, temporal, and lithological boundary in
north central Iceland. Zeolite zones appear subhorizontal through the Dalsmynni flexure
zone and have been largely reset, subsequent to flexuring, by westward onlap of the
younger basalt sequence onto the older subsided and flexured flows. Radiometric ages,
regional isochron patterns and timing constraints for Tjörnes Fracture Zone-related shear
deformation indicate the model of a singular, ~ 130 km eastward “jump” of the axial rift
zone in north Iceland, ~ 6-7 Ma, is too simple. Crustal accretion older than 12 Ma along
a “proto-NEIARZ” is apparently required, indicating that northern Iceland has had
multiple-branched crustal accretion zones up until about 7 Ma, at which time a single
spreading zone along the present NEIARZ developed. An eastward shift of axial rift
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zone activity ~ 6-7 Ma in southwestern Iceland is time correlative with reorganization of
spreading activity in northern Iceland. Our proposed 6-7 Ma reorganization of axial rift
zone activity on land is time correlative with an independently proposed increase in
discharge from the Iceland mantle plume.

Introduction and Statement of Purpose
Study of transform fault zones on the Iceland plateau has been limited by poor
surface expression and paucity of subaerial exposure. A key area of exposure of
structural elements associated with the evolution of both the Tjörnes Fracture Zone (TFZ)
and the Northeast Iceland Axial Rift Zone (NEIARZ) has been recognized in the
peninsular region of Flateyjarskagi (informal designation) between Eyjafjörður and
Skjálfandi in north central Iceland (Figures 2-1 and 2-2). This region (Figure 2-2) is the
subject of an ongoing project, since 1979, involving geologic mapping of the stratigraphy
and structure, chemical analyses, and K/Ar dating.
One purpose of this paper is to provide a summary of the lithostratigraphy,
magnetostratigraphy, and K/Ar ages for specific parts of the study area. These data
suggest two dissimilar, juxtaposed flood basalt piles whose distribution reflects
reorganization of axial rift zone activity in northern Iceland about 7 Ma. Correspondence
of the paleomagnetostratigraphic columns and K/Ar ages with adjacent areas in northern
Iceland is discussed. In a flood basalt terrain such as in Iceland, characterized by the
presence of few lithological marker units, limited lateral dimensions to many flows, and
variable lava accumulation rates, isotopic age determinations and paleomagnetic studies
are essential to unraveling the regional stratigraphic and structural evolution.
The latter portion of this paper addresses a second major purpose: to place the
geology of Flateyjarskagi into the larger perspective of the volcano-tectonic evolution of
north Iceland. This evolution has been complex, and north Iceland has experienced
multiple-branched and single-zone spreading at different times in its history.
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Tectonic Setting: Shifting Axial Rift Zones and the Development of Transforms
In general, the distribution of rocks younger than 0.7 Ma in Iceland defines the
neovolcanic zones of active or recent volcanism (Figures 2-1 and 2-3). These are
largely thought to represent the traces of the Mid-Atlantic Ridge in Iceland
(Sæmundsson, 1974), although volcanic and tectonic relations appear more complex here
than at typical spreading ridge locations (Ward, 1971; Sæmundsson, 1978).
The neovolcanic zones cross Iceland in a rather complicated manner with several
branches. The large-scale structure is dominated by individual fissure swarms and
central volcanoes (Figure 2-3). The fissure swarms commonly form left- or rightstepping en echelon arrays, with individual swarms typically about 10 km wide and 30 to
more than 100 km in length (e.g., Sæmundsson, 1978). Sæmundsson (1980) has
distinguished two types of neovolcanic zones. Axial rift zones mark the trace of the plate
boundary, where active plate growth occurs, and are characterized by very pronounced
extensional tectonics and axial subsidence, which impart regional synclinal structure. It
should be noted that Walker (1975) used the term “axial rift zone” to refer to the smallerscale feature of a fissure swarm. Flank zones have poorly developed extensional tectonic
features and are not characterized by localized axial subsidence; large-scale extensional
faulting and graben formation are lacking, suggesting minor crustal separation along such
zones. Sæmundsson (1980, p. 25) suggested that the extra load of the typically large
flank zone volcanic edifices is compensated by isostatic subsidence on a more regional
scale. Jakobsson (1972, 1980) has shown that Postglacial volcanism along the axial rift
zones in Iceland has generated tholeiites, whereas the flank zones have produced
transitional alkali to alkali olivine basalts. Iceland has multiple active axial rift zones and
flank zones, in place of the single active rift zone believed to exist along typical
submerged sections of mid-oceanic ridges.
It has been proposed (Ward, 1971; Sæmundsson, 1974) that the axial rift zones
have changed locations in the past. In particular, the present NEIARZ apparently has
been active for only the last 6-7 Ma, based on the results of Cotman (1979) and this
study; this activity initiated at approximately the same time that Tertiary volcanism
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ceased in the Húnaflói-Skagi area, the site of a regional synclinal structure presently
about 200 km west of the axis of the NEIARZ (Figure 2-1). Sæmundsson (1974, 1978)
suggested that this eastward shift of axial rift zone activity coincided with development
of (1) paired flexures in 10-12 Ma flood basalts (since separated by postflexure
spreading), and (2) the TFZ, an approximately 70-km-broad, west-northwest trending
zone of sinistral offset of the spreading axis between the Kolbeinsey Ridge (MAR) and
the NEIARZ. Some aspects of the structural character and evolution of the TFZ, one of
three fracture zones proposed for Iceland (Sigurdsson, 1970; Ward, 1971; Sæmundsson,
1974), are examined in a companion paper (Young et al., this issue).

Previous Work
No detailed geologic studies of the bedrock had been conducted in the
Flateyjarskagi peninsula (Figure 2-2), and previous reconnaissance work was of a limited
nature (Thoroddsen, 1913-1915; Líndal, 1942; Hospers, 1954a; Einarsson, 1962;
Björnsson and Sæmundsson, 1975; Sæmundsson, 1974, 1978). K/Ar ages have been
reported from Dalsmynni (Aronson and Sæmundsson, 1978; Cotman, 1979) and from
areas outside the study area in Fnjóskadalur, Ljósavatnsskarð, and Kinnarfell (Cotman,
1979). Samples selected for K/Ar dating in this study follow the criteria of McDougall et
al. (1977). Analytical procedures and calculation of uncertainties in the ages are
discussed by Aronson and Sæmundsson (1975).
It is of historical interest to note that the first paleomagnetic measurements of
Icelandic lavas were carried out on 25 samples collected in Ljósavatnsskarð (Hospers,
1951). Hospers’ (1953a) thesis and related subsequent publications (Hospers, 1953b,
1954b, c, d, e, 1955) constituted some of the most compelling evidence to convince
geoscientists of the reality of geomagnetic reversals (cf. Kristjánsson, 1983). The term
“reverse” magnetization was introduced by Hospers in the above papers, and he
demonstrated the possibility of using polarity groups in stratigraphic correlations
(Hospers, 1954d). Hospers was the first to calculate pole positions from paleomagnetic
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directions, and the first application of Fisher’s (1953) normal statistics on a spherical
surface was to Hospers’ Icelandic data (Kristjánsson, 1983).

Field Classification of Lava Types
We shall discuss the following classification scheme so that our lithologic
nomenclature is unambiguous. A working field classification of the various lava types
has been developed with the aid of thin sections and chemical analyses (Table 2-1). All
rocks so far analyzed are members of the tholeiitic series: olivine tholeiite-tholeiiteicelandite-dacite-rhyolite, as are nearly all lavas in the Tertiary of Iceland (Carmichael,
1964; Jakobsson, 1972, 1980; Wood, 1977). The classification presented here has been
modified from those of Walker (1959) and Carmichael (1964). Descriptions below are
supplemental to Table 2-1.
Porphyritic basalts are lavas of any grain size containing ≥ 10% plagioclase
macrophenocrysts; the latter commonly range from 2 to 10 mm in length. Groups of such
flows have served as good marker horizons in the Tertiary series of Iceland (e.g., Walker,
1959; Sæmundsson et al., 1980). Phenocrysts of olivine and lesser amounts of augite
often occur in association with the plagioclase, which commonly constitutes 10 to 30%
by volume.
Doleritic basalts are flows of characteristically very coarse grain size (groundmass
grains being 0.25-1 mm in length) and ophitic to subophitic texture. The modifier
“doleritic” serves a double purpose here, referring to the coarse grain size in a manner
similar to Hospers (1954a) and earlier Icelandic geologists, and to the typical ophiticsubophitic texture, following European usage (for example, see discussion by Williams et
al. (1982, p. 94)). We emphasize that the use of “doleritic” is not to be equated with
diabasic texture, as is commonly done in the United States. Doleritic basalts tend to form
compound, pahoehoe flows. They nearly always contain significant amounts of olivine
(2-10%) as a phenocryst and/or groundmass phase. The ophitic texture leaves
groundmass olivine, Fe-Ti oxides, and glass typically concentrated between pyroxene
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grains. The anhedral and interstitial opaque phases suggest relatively late-stage
crystallization for them (Carmichael, 1964).
Olivine tholeiites contain > 1% olivine macrophenocrysts but do not fall into the
doleritic or porphyritic basalt categories. Lavas may be simple but are more commonly
compound. Although groundmass olivine may occur (to 4%), it is not necessarily
present. Fe-Ti-oxides are typically anhedral, as in the doleritic lavas, though this
appearance grades into a microphenocrystic texture characteristic of the tholeiites.
Groundmass textures range from subophitic to diabasic but are generally subdiabasic.
In thin section, tholeiites characteristically show pilotaxitic texture, but the flow
surfaces common in outcrop are actually produced by microscopic alignment of vesicle
trains and glass-rich zones. Later alteration of glass to serpentine, chlorophaeite, and
opaque phases produces streaks that are readily seen on weathered surfaces. Typically,
these are simple flows > 15 m thick with rubbly, autobrecciated aa flow tops and
bottoms. However, tholeiites proximal to flanks of central volcanoes are often < 6 m
thick and pahoehoelike, reflecting deposition on steeper ground and relatively high
fluidity. Tholeiites have a diabasic texture in thin section, with olivine absent or minor
and Fe-Ti oxides present as both euhedral to subhedral microphenocrysts and
groundmass grains. When present, phenocryst phases are dominated by plagioclase and
lesser amounts of augite.
All nonfeldspar-phyric types classified above are completely gradational
(Carmichael, 1964; Walker, 1959) according to doleritic basalt-olivine tholeiite-tholeiite.
Although “olivine tholeiite” and “tholeiite” traditionally have petrochemical
connotations, no suggestion of basalt chemistry should be inferred from the field
classification presented here.
The more silicic lavas are associated with central volcanoes. The term
“icelandite” (Carmichael, 1964) is chemically equivalent to a tholeiitic andesite in which
the iron content is higher and alumina lower than typical calcalkaline andesites (Stewart
and Thornton, 1975). In the field, basaltic icelandites may be qualitatively distinguished
from icelandites on the basis of the latter’s smaller wavelength of flow folds, darker fresh
color, flinty fracture with a hammer, and typically aphyric petrography.
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The dacite and rhyolite lavas have more abundant phenocrysts than icelandite and
consist of oligoclase-andesine, olivine, clinopyroxene, orthopyroxene, and/or Fe-Ti
oxides. The distinction between dacites and the more acid icelandites generally is
difficult, but dacites tend to be lighter in color because of abundant groundmass quartz
and glass and lower percentages of pyroxene and Fe-Ti oxides. Rhyolites have a high
vesicularity which imparts a low density for most parts of the flow, although dense, black
pitchstone, or obsidian-rich zones may occur at the base and/or top of the flow. Rhyolites
generally form from crystal fractionation of basalts or partial melting of the oceanic crust
underlying Iceland.
In summary, all lavas in the field are chemically part of the tholeiitic series.
Excluding the ≥ 10% feldspar-phyric basalts, a complete gradation is seen from doleritic
basalt through rhyolite. Feldspar-phyric basalts are gradational with all basalt types.

Orientation, Distribution, and Age of the Lava Units
The generalized orientation, distribution, and inferred age of the lava units in
Flateyjarskagi are shown in Figure 2-4. Time divisions follow the standard usage in
Iceland: that is, the Tertiary series consists of rocks older than 3.1 Ma, the PlioPleistocene series of rocks from 3.1 to 0.7 Ma, and the upper Pleistocene and Postglacial
series of rocks less than 0.7 Ma (see Sæmundsson, 1980, his Figure 4). Pertinent
information concerning the K/Ar ages and samples is listed in Table 2-2.
Most rocks of the peninsula are Tertiary in age, but south of Náttfaravík (Figure
2-2) rocks of the Plio-Pleistocene series are found. The western two-thirds are composed
predominantly of tholeiite flood basalts of ~ 9.5-12.5 or 13 Ma. Interbedded with these
flows are central volcano-erupted basaltic to rhyolitic flows and tuffs and eolian to
residual sedimentary interbeds. A slightly to moderately exhumed central volcanic
complex straddling the center of the peninsula is marked by an east-west elongated
distribution of rhyolite, dacite, and icelandite flows, felsic tuffs, and mafic to intermediate
intrusions. These are largely contemporaneous with, and buried by, the surrounding
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flood basalt pile. This acid complex has been termed the Flateyjardalur Central Volcano
(FCV) (e.g., Björnsson and Sæmundsson, 1975).
The upper portion of this basalt pile correlates in age with flows west of
Eyjafjörður in Tröllaskagi (Sæmundsson et al., 1980) and the oldest Tertiary flows
tentatively dated on Tjörnes (Aronson and Sæmundsson, 1975), east of Skjálfandi. The
lower portion of this basalt pile represents the oldest known exposed stratigraphic level in
north central Iceland.
Approximately the eastern quarter of the study area is composed of a younger
flood basalt succession and central volcanic complex resting unconformably on the
generally more steeply southeast dipping, flexured lavas of the older flood basalt group.
The latter are thought to have undergone extension and flexuring during initiation of the
present NEIARZ ~ 7 Ma. Sæmundsson (1974) previously has suggested that lavas below
the unconformity were erupted in the extinct Húnaflói-Skagi Axial Rift Zone (HSARZ)
to the west; those above represent the earliest dated eruptive products of the present
NEIARZ. This younger basalt pile is composed predominantly of doleritic basalt
transitional in field character to porphyritic basalt and olivine tholeiite; acid rocks in
basal portions of this younger lava pile represent the (informally designated) Náttfaravík
Central Volcano (NCV). NCV age rocks (~ 6-5 Ma) are locally disconformable with a
flow dated at ~ 9.6 Ma (approximately 5 km west-southwest of “S” in “Skjálfandi,”
Figure 2-4), but the inferred regionally uncomformable contact between the younger and
older lava piles is largely covered by ground moraine or deeply buried. Thus this
regional unconformity is not exposed throughout most of the map area, but widely
contrasting dips across Flateyjardalsheidi (cf. Figures 2-2 and 2-4) suggest that in this
locality the contact is likely to be an angular unconformity (though this has not been
verified by observation). An age difference of approximately 6 m.y., greater than one
third of the total subaerial time record of Iceland, is present across Flateyjardalsheidi
between the highest flows rimming the valley.
NCV rocks and overlying flood basalts on the east flank of Flateyjardalsheidi are
~ 6-4 Ma, which is consistent with K/Ar ages of correlative basalts to the south in
Fnjóskadalur and western Ljósavatnsskarð (Cotman, 1979). East of Kambur and south of
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Náttfaravík (Figures 2-2 and 2-4) these 6-4 Ma flows project down dip and across 2 to 4
km broad valleys “into” flows that yield age dates of ~ 5 Ma to less than 3 Ma. Possible
tillites and associated pillow basalts in the upper parts of Skessuskálarfjall (Líndal, 1942)
and Bakrangi (Figure 2-2) reinforce the interpretation of a Plio-Pleistocene age for the
topmost units. Extensively faulted coastal exposures along the northeast face of
Bakrangi, just south of Náttfaravík, show eroded NCV rocks unconformably onlapped
and buried by doleritic basalt flows (Figure 2-5).
In Ljósavatnsskarð (Cotman, 1979) an apparently continuous basaltic section of
about 1500-m thickness, spanning roughly 5-2.5 Ma, is exposed along the valley for
about 12 km (Figures 2-2 and 2-6); the youngest of these flows seems to correlate with
the basalt sequence at Skessuskálarfjall.
The K/Ar age distribution of the postflexure flows in the study area is suggested
to reflect two coeval processes: (1) relatively continuous onlap of lavas from the eastsoutheast which filled intermittent and successively eastward developed monoclinal sags
and fault-bounded depressions, and (2) discontinuous lava accumulation controlled by
local paleotopography, erosion, and glacier ice (Jancin et al., 1983). These processes will
be discussed briefly in conjunction with a cross section to be presented below.

Lithostratigraphic and Magnetostratigraphic Sections
Exposures examined in the Dalsmynni area (Figure 2-2) are summarized in a
composite stratigraphic column of about 1400-m thickness (Figure 2-7, column 1). The
lithostratigraphy is also rather representative of the older flood basalt pile north of
Dalsmynni: tholeiites predominate, interbedded with felsic-mafic tuffs and sediments
(about 7% of the entire section in Dalsmynni) and occasional porphyritic basalts;
infrequent basaltic icelandites, olivine tholeiites, and doleritic basalts also occur.
Column 1 also shows the composite polarity log for Dalsmynni; K/Ar ages and overlap of
constituent sections (Figure 2-2) are also shown. This polarity log has been correlated
with the polarity log from Tröllaskagi (Sæmundsson et al., 1980) (column 2) and the
polarity time scale of LaBrecque et al. (1977) (column 3), which was derived from
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seafloor spreading assumptions and which we have recalculated to currently
recommended 40K decay constants (Steiger and Jäger, 1977).
A composite stratigraphic profile of the younger lava pile (Figure 2-8, columns 4
and 5) is presented to illustrate the major stratigraphic relations from approximately the
east side of southern Flateyjardalur and Flateyjardalsheidi, to the coast south of
Náttfaravík.
Basal NCV rhyolites, dacites, icelandites, acid tuffs and tuff breccias, and basaltic
icelandites, interbedded with uncommon olivine tholeiites and doleritic basalts, are
overlain by primarily doleritic basalt and olivine tholeiite east of Flateyjardalsheidi
(column 5) and in Bakrangi (column 4). The post-NCV age basalts shown in columns 4
and 5 are lithologically generally similar, but downdip projections, from column 5
constituent sections to column 4, indicate no unequivocal magnetostratigraphic
correlations between the two areas represented by the columns. In particular, the age of
sample E5 in column 4 (1.1 ± 0.1 Ma) is surprisingly young. Sample E5 does not show
significant alteration of olivine in thin section nor significant presence of glassy
mesostasis, and the associated quantitative parameters shown in Table 2-2 are permissive
of a reasonable K/Ar date. Sample E5 is one of two dated samples from the doleritic
basalts of the younger basalt sequence, within the zone of zeolitic alteration; LJ9 from
Ljósavatnsskarð is another example. Perhaps the doleritic basalts were particulary prone
toward argon loss during zeolite grade metamorphism. Furthermore, small amygdules
containing chabazite and analcime are found in sample E5, and on balance we strongly
suspect that the 1.1 Ma age is too young, possibly by a factor as large as 3 or 4.
A prominent fluvial to lacustrine sedimentary layer (column 5, labeled “K”) of
about 30 m maximum thickness separates the normal polarity zone above NCV rocks
from the overlying sequence of largely compound doleritic basalts. This sedimentary
layer (the Kambur layer) is covered south of Kambur, in Flateyjardalsheidi, and pinches
out about 5-6 km north of Kambur. The sequence of overlying basalts is interrupted by a
distinctive compound flow transitional in field character from tholeiite to basaltic
icelandite; locally, sandstones and palagonite-tuff breccias containing lithic blocks to 30
cm in length occur above and/or below this flow. The top of this compound basaltic
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icelandite is a regional lithologic and paleomagnetic boundary (column 5) which can be
traced at least 26 km south-southwest to the western part of Ljósavatnsskarð (Figure 26). The overlying normal polarity flows probably represent one of the normal intervals in
the Gilbert epoch (columns 5 and 6) (see discussion in following section). The top of
Kambur (1210 m above sea level) is in these normal polarity flows. In eastern
Ljósavatnsskarð, younger lavas succeed this group of flows downdip and attain K/Ar
ages of 2.3-3.1 Ma (Cotman, 1979) (Figure 2-6).
Northeast of Kambur, a section along Bakrangi (column 4) records an
unconformity on top of the NCV rocks (Figures 2-5 and 2-8). This contact is an angular
to parallel disconformity. Considering the age of sample E5 unreliable and the age gap
across the disconformity trivial, the units constituting Bakrangi and neighboring
Skessuskálarfjall may grade more or less continuously in age from ~ 5 Ma (NCV rocks)
to perhaps 2 Ma at the top, suggesting the correlation indicated in Figure 2-9, columns 7
and 8. Column 7 has been constructed by disregarding the K/Ar age of sample E5 and
restoring the approximately 600 m of cumulative stratigraphic gap imparted by northeast
trending faults which cut the rocks at Bakrangi (Figure 2-10). The stacking of the
Skessuskálarfjall and Bakrangi sections (column 7) is suggested by the likelihood that
both are contained within the same fault block (bounded by F3 and F4, Figure 2-10).
The spatial relations between columns 4 and 5 suggest a formerly continuous lava
pile. This continuity would have been subsequently disrupted by faulting (cf. Figure 210) and initiation of dissection of the present valleys. These rocks collectively represent
a minimum thickness of 1400 m of lavas deposited unconformably on the older, flexured
lava pile. Abundant basaltic dikes and near-vent facies, acid tuff breccias containing
lithic blocks to 1 m in length suggest the NCV had a locus of activity in the NáttfaravíkBakrangi area, with the locus perhaps now offshore.
Although all K/Ar ages presently available from the study area are given in
Figure 2-2 and Table 2-2, stratigraphic correlations in the northern, deeper levels of the
peninsula remain under study and will be discussed in a forthcoming paper.
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Correlation of Magnetostratigraphy and Polarity Time Scales
Correlations in Figures 2-6, 2-7, 2-8, and 2-9 are tentative; more radiometric ages
are needed to increase reliability. Core sampling of specific sections is underway, toward
determination of remanent magnetization intensities, stabilities, and directions for lavas
in the study area. All paleomagnetic determinations reported here were made in the field
with a portable flux gate magnetometer. Correlations between portable flux gate
magnetometer determinations and polarity and magnetic stability verified by alternating
field demagnetization of Tröllaskagi lavas are generally positive (Sæmundsson et al.,
1980). It is possible that, in some instances, postdepositional overprinting of the original
geomagnetic field directions could yield natural remanent magnetization polarities which
change upon demagnetization treatment (e.g., McDougall et al., 1976).
Correlations from columns 1 to 2, Figure 2-7, appear relatively straightforward,
and designation of the base of the uppermost normal polarity zone in column 1 as the
base of marine magnetic anomaly 5 (polarity epoch 9) is considered reasonable. Low
virtual geomagnetic pole latitudes directly underneath the base of anomaly 5 in
Tröllaskagi (Sæmundsson et al., 1980) suggest caution in correlations of the normal
polarity zones between anomalies 5 and 5A: it is possible such zones represent
excursions of the geomagnetic field rather than actual events (see general discussion of
Beck (1976, p. 706)). Correlations from columns 2 and 3 are from Sæmundsson et al.
(1980). The correlation of the top of the lowest normal zone in column 1 with the top of
anomaly 5A is considered speculative at present.
Column 5, Figure 2-8, shows stratigraphic ties in the younger lava pile. Flows
above the Kambur sedimentary layer in column 5 are tentatively correlated with the
Gilbert epoch (column 6). The stratigraphic ties between column 5 (sections T and U)
and the flows in Ljósavatnsskarð are shown in Figure 2-6, where the boundary between
the Gilbert and Gauss epochs is tentatively markerd. Column 5, Figure 2-8, shows three
normal polarity zones within the reversed sequence above the Kambur sedimentary layer.
The uppermost normal polarity zone has been alternatively correlated with either the
Cochiti or Nunivak events of the Gilbert epoch (column 6). The middle normal polarity
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zone was observed in only one stratigraphic section (O, Figure 2-2), represented by a
compound flow composed of two flow units totaling 10 m thickness; whether or not this
apparent excursion represents an actual event separate from the immediately underlying
normal polarity zone is unclear. The lowest of the three normal polarity zones (having a
base at approximately 455 m in the cumulative thickness column 5) is found only locally
in sections N, O, and V (Figure 2-2). These sporadic occurrences suggest discontinuous
lava accumulation which may be correlative with a low accumulation rate (to be
discussed in the following section).
The predominantly normal polarity section at the base of column 5 has been
tentatively correlated with either the Thverá event of the Gilbert epoch or the uppermost
normal event in epoch 5 (column 6). Correlation of the normal polarity zones present in
NCV rocks is significantly complicated by the unconformity on top of the NCV rocks
(column 4, Figure 2-8), the Kambur sedimentary layer (column 5) in erosional contact
with underlying basalts, and the presence of uncertain time intervals, within NCV rocks
(column 5).
Approximately the uppermost 100 m of Skessuskálarfjall consist of normal
polarity flows, locally containing a tillite (diamictite overlying a striated floor). All but
the highest flow are compound tholeiites; the highest flow is a (glomero-) porphyritic
basalt, which grades downward into pillow basalt overlying the diamictite. This youngest
flow has been dated at 2.2 ± 0.2 Ma (Figure 2-2, traverse W; Figure 2-9, column 7;
Table 2-2). On the basis of spatial projection of lava dips, these flows at
Skessuskálarfjall overlie the Bakrangi section to the north. They have apparent
lithologic, magnetostratigraphic, and radiometric age correlations with the youngest
flows in eastern Ljósavatnsskarð (cf. Figure 2-9, columns 7 and 8, and upper parts of
columns SI and LT, Figure 2-6), which suggests deposition in the Gauss epoch.
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Lava-Accumulation Rates and Flow Frequency
Given the K/Ar age data and the correlations shown in Figures 2-7 and 2-8, lava
accumulation rates and flow frequencies can be only estimated. Additional radiometric
ages are required to increase the precision and reliability of these estimates.
Because lava packets in Iceland generally tend to thin and decrease in inclination
updip, toward the original top of the constructional basalt pile (e.g., Bödvarsson and
Walker, 1964), values for lava accumulation rates over a given stratigraphic packet will
vary with structural position. To facilitate comparison of accumulation rates from
different regions of Iceland, Watkins and Walker (1977) suggested normalization of such
rates to a structural position (i.e., depth) at the top of the analcime zone; the latter
generally occurs at about 600 m below the original top of the lava pile (Watkins and
Walker, 1977, p. 535).
We have not applied such a normalization procedure to the calculation of
accumulation rates discussed below. In the Dalsmynni flexure zone (see Figure 2-7,
column 1, and Figure 2-13, section A-B), flow attitudes are clearly tectonically
controlled, and zeolite distribution has been reset due to postflexure burial (see discussion
in the following section). These factors render the normalization procedure of Watkins
and Walker (1977) impracticable. In the western portion of the younger basalt pile (see
Figure 2-8, column 5), the base of the nonzeolitized zone occurs from about 800 to 1000
m in elevation. According to Watkins and Walker (1977, p. 535) the top of the analcime
zone generally occurs at about 450 m below the base of the nonzeolitized zone. Regional
variation of the paleogeothermal gradient, however, might have caused some primary
variation in zeolite zone depths. The relevant interval (to be discussed) in column 5 is
largely through the uppermost portion of the analcime zone and the lower part of the
nonzeolitized zone, and no normalization of rates is required.
In Figure 2-7, column 1, the significant analytical rrors for the four K/Ar ages
and the stratigraphically inconsistent date of sample TL6 (10.0 ± 0.7 Ma) prohibit
meaningful calculation of accumulation rates and flow frequencies based solely on the
radiometric ages as interval boundaries. Published ages of magnetic polarity reversal
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boundaries can additionally be utilized as control points, although, clearly, the values for
such rates depend on the interval of concern and the reversal ages chosen. Of particular
concern in the case of the Dalsmynni stratigraphy is the age of anomaly 5 time. The
lower boundary of anomaly 5 time is given as 10.47 Ma in column 2 and 10.00 Ma in
column 3, amongst other values cited in the literature (cf. Heirtzler et al., 1968; Ness et
al., 1980; Lowrie and Alvarez, 1981; McDougall et al., 1984). Column 3 has been
derived from linear interpolation of a given spreading rate to a marine magnetic anomaly
pattern tied to specific calibration points (LaBrecque et al., 1977). On the other hand,
subaerial geomagnetic polarity logs can be backed-up with radiometric ages; such
subaerial polarity time logs provide data for refinements in the determination of reversal
age boundaries (such as the base of marine magnetic anomaly 5).
For these reasons we have chosen to calculate lava accumulation rates and flow
frequencies via use of correlated reversal age boundaries from a subaerial polarity log
(Figure 2-7, column 2) and a subaerial polarity time scale (Figure 2-8, column 6).
Correlated composite stratigraphic columns from Flateyjarskagi (Figure 2-7, column 1
and Figure 2-8, column 5) have been constructed by determination of the mean thickness
of a given geomagnetic polarity zone, from relevant stratigraphic section traverses (See
Figure 2-2); these mean thicknesses have been stratigraphically stacked to yield the
aggregate thicknesses of columns 1 and 5.
Taking reversal age boundaries between the base of anomaly 5 and the top of
anomaly 5A, from Tröllaskagi (Figure 2-7, column 2), a minimum lava accumulation
rate of about 1000 m/m.y. (to two significant figures) has been calculated for the
corresponding interval in Figure 2-7, column 1. This is very similar to the accumulation
rate of 1009 m/m.y. calculated for ~ 9.6-11 Ma rocks in Tröllaskagi, where flows have a
mean thickness of 14 m (Sæmundsson et al., 1980). The mean (predominantly simple)
flow thickness for column 1 is about 16.5 m, corresponding to a frequency of about one
flow every 17,000 years over the interval between anomalies 5 and 5A.
The minimal nature of the Dalsmynni lava accumulation rate stems from the
uncertainty in assigning the top of the lowest normal polarity zone in column 1 (Figure
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2-7) to the top of anomaly 5A. The lava accumulation rate for column 1 is displayed
graphically in Figure 2-11.
The analytical errors for associated K/Ar dates overlap the lava accumulation rate
line. The plotted points represent ages, from column 2, for the top of anomaly 5A, the
bases of the normal polarity zones between anomalies 5 and 5A, and the base of anomaly
5. The fairly tight grouping of the points suggests that the rate is roughly linear and that
the correlation of the top of the lowest normal polarity zone in column 1, with the top of
anomaly 5A, is plausible.
Next we consider the post-NCV lava accumulation. The alternative correlations
indicated by the branching tie lines and question marks between columns 5 and 6, Figure
2-8, indicate that we have less confidence in these tentative correlations, as compared to
the correlation of the base of anomaly 5 in Dalsmynni. The alternative correlations of
columns 5 and 6, Figure 2-8, yield correspondingly varied lava accumulation rates, and
Figure 2-12 illustrates bracketing values for rate lines based upon such different
correlations.
The two rate lines shown in Figure 2-12 depict the highest and lowest values
(different by a factor of about 2.4) selected from the four most likely cases of age
assignments. These four cases involve alternative correlation of the uppermost normal
polarity zone in column 5, Figure 2-8, with either the Cochiti or Nunivak event, and
alternative correlation of the normal polarity zone underlying the Kambur sedimentary
layer (column 5) with either the top of epoch 5 or the top of the Thverá event.
These alternative accumulation rates do not reflect exhaustive consideration of all
possible cases, but we feel they provide realistic brackets to values over the selected
interval in column 5. The mean value of all the alternative correlations considered is
about 500 m/m.y. (one significant figure). Individual sections yield similar figures; for
example, the Bakrangi-Skessuskálarfjall section (column 7, Figure 2-9) accumulated
about 1100 m during the Gilbert epoch, at a rate of 530 m/m.y. Associated flow
frequencies can also be calculated for all the above cases. Mean (predominantly
compound) flow thickness for the post-NCV stratigraphy in column 5 is about 20 m; this
is the same mean thickness determined for the Ljósavatnsskarð strata. This yields a
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highest possible frequency of about one compound flow every 27,000 years (Figure 212, 783 m/m.y. case), and lowest calculated frequency of about one compound flow
every 66,000 years (322 m/m.y. case). The mean frequency for all cases considered is
approximately one compound flow every 50,000 years (one significant figure).
These figures are higher than those of Cotman (1979), who reported a lava
accumulation rate of 360 m/m.y. (uncorrected for structural position) for the
approximately 1.5-km-thick sequence spanning ~ 5 to 2.5 Ma in Ljósavatnsskarð (Figure
2-6). Nevertheless, despite some uncertainty of correlation, it is possible to conclude that
the boundary between the older and younger basalt piles reflects a discontinuity in lava
accumulation rates and flow frequency.

Regional Cross Section
A cross section from Dalsmynni to northernmost Bárdardalur, along composite
section lines A-B and C-D (Figure 2-4), illustrates major faults, flow attitudes,
paleomagnetic boundaries, and zeolite distribution (Figure 2-13).
Walker (l974, p. 24) reported that zeolite zones and chalcedony laminations
through the eastern Iceland flexure (Figure 2-1) had been (locally) tilted with the flexured
lavas. In the monoclinal flexure exposed in Dalsmynni, chalcedony layers in amygdules
have southeasterly dips to 14° which are restricted in occurrence to strata located within
approximately 1.5 km immediately east of the flexure axis (cf. Figure 2-4 and Figure 213, and Young et al. (this issue, their Figure 11). Farther east in Dalsmynni, southeast
dipping (20°-35°) flows commonly exhibit subhorizontal chalcedony layers, indicating
vesicle infilling subsequent to tilting (see Young et al., this issue, their Figure 11). Also,
the base of the nonzeolitized zone seems approximately horizontal in eastern Dalsmynni.
These observations indicate that zeolite zones have apparently been locally reset
subsequent to flexuring. Originally, subhorizontal zeolite zones and chalcedony layers
occurring in preflexure, approximately 7°-10° southwest dipping lavas might be predicted
to dip to 7°-10° more steeply southeast than enclosing lavas in the flexure zone, assuming
that primary angular relationships between zeolite zones and lavas had been maintained
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through flexuring. This is only locally the case, and we suggest that postflexure dike
injection and westward onlap of the younger basalt pile onto the subsided, flexured flows
of the older basalt pile are responsible for a later major period of zeolite-facies burial
metamorphism in the eastern Dalsmynni area. These young flows are not now present in
eastern Dalsmynni and presumably have been eroded. We interpret the aforementioned
southeasterly dips to chalcedony layers, restricted to proximity to the flexure axis, as
relics of preflexure vesicle infillings. The subhorizontal chalcedony layers found farther
to the east in Dalsmynni very likely formed within lavas that were largely within the
nonzeolitized zone prior to flexuring and may be primary amygdule infillings which
formed long after deposition of the older lavas.
South of Bakrangi and east of Skessuskálarfjall, zeolite zones are clearly
downfaulted to the east: the base of the nonzeolitized zone locally occurs at about 250 m
elevation in this area, as compared with elevations of 800-1000 m along the east flank of
southern Flateyjardalur and Flateyjardalsheidi. Most of the faults responsible are
apparently located within 3-5 km of the western edge of Bárdardalur.
Major easterly downthrows along north-northeast trending faults in central
Dalsmynni and northern Fnjóskadalur are measured in hundreds of meters and are related
to flexuring ~ 7 Ma; westerly downthrows are of the order of tens of meters. Lavas of the
young pile between about 6 and 4 Ma accumulated on the lower, older lava group in a
subsiding step-faulted depression, formed in conjunction with flexuring, which had an
approximate western margin in the area of northern Fnjóskadalur and Flateyjardalsheidi.
Between approximately 4 and 2.5 Ma downthrows of the 6-4 Ma lava pile probably
occurred east and southeast of the Kambur area, providing a depression in which the
Skessuskálarfjall lavas were deposited. Chalcedony laminations in the Kambur area
typically dip about 5° southeast (Figure 2-13), indicating that regional tilting continued
to occur long after the major period of flexuring which imparted the steep dips found in
the eastern Dalsmynni area. In the area of Bakrangi and Skessuskálarfjall (Figure 2-10),
north and northeast trending faults occur with common easterly downthrows,
immediately west of the Bárdardalur fault zone proposed by Thoroddsen (1913-1915).
The faults observed in this area record a minimal cumulative throw of over 600 m, and
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correspondingly downfaulted zeolite zones indicate a tectonic event which occurred after
accumulation of the youngest part of the lava pile.
The proposed Bárdardalur fault zone marks a distinct regional topographic
boundary in north central Iceland which can be traced to the southwest shore of
Skjálfandi to within 4 km of, and on-line with, a submarine escarpment traced by Thors
(1983) south from the Flatey fault (Figure 2-4). Hospers (1954a) inferred an easterly
downthrow of about 100 m along the Bárdardalur fault zone near Storuvellir, about 23
km south of Ljósavatnsskarð, but direct evidence of significant downthrows elsewhere
seems lacking. Ice erosion may have accomplished much of the modeling of this
profound morphologic feature. However, the approximate alignment of the Flatey fault
with the submarine extension of the Bárdardalur escarpment suggests the possibility that
downthrow to the north of the Flatey fault (locally ≥ 1.2 km) may have occurred
simultaneously with downthrow to the east along faults, such as those at Bakrangi,
located near the Bárdardalur escarpment (cf. Young et al., this issue). Mapping in
Ljósavatnsskarð shows both easterly and westerly downthrows, along north to northnortheast trending faults, typical of the Tertiary series elsewhere in Iceland (K.
Sæmundsson, unpublished data, 1982). Our work shows that at least as far south as 24
km north of Ljósavatnsskarð, a northeast trending fault set also occurs, and relataively
large (≥ 100 m) easterly downthrows become prevalent along faults within a few
kilometers of the Bárdardalur escarpment (cf. Figure 2-10), though these faults do not
necessarily parallel the escarpment.

Age of Present Topography in the Study Area
Pjeturss (1905) reported the presence of glacial strata in the basaltic sequence on
the east side of Fnjóskadalur and both sides of Ljósavatnsskarð. He initially interpreted
these beds as evidence of a Miocene glaciation; later he assigned these units and the
overlying flows to the early Quaternary (Pjeturss, 1908, 1910). This suggested that the
fjord and mountain topography of north central Iceland had been fashioned during the
last 2 m.y.
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Amongst others, Hawkes (1938, 1939) and Einarsson (1959) have objected to a
Quaternary age for the present topography in north central Iceland. Both examined
Pjeturss’ “glacial beds” and expressed doubts as to a glacial or fluvioglacial origin; they
suggested instead that the strata were pyroclastic, fluvial, or debris slide deposits. Both
authors discounted as improbable Pjeturss’ suggestion that the large erosional work
implicit in the topography of the region could have been accomplished during the
Quaternary period. They proposed that the early development of the present large valleys
started no later than the lower Pliocene and possibly as long ago as the Oligocene epoch.
The diamictites at Ljósavatnsskarð, Skessuskálarfjall, and Bakrangi are
immediately overlain by pillow basalts having sand size palagonite matrices. Glacial
indicators such as striated pavement, striated boulders, and varved clays have been
observed at Ljósavatnsskarð and Skessuskálarfjall by Líndal (1942) and the present
authors. At these two localities the diamictites very probably are tillites.
Flows in the younger basalt pile are older than valleys incised therein, and K/Ar
ages of such lavas constrain the older age limit for the development of the surrounding
topography. Relevant K/Ar ages of flood basalts are 2.2 ± 0.2 Ma from Skessuskálarfjall,
2.3 ± 0.3 Ma from eastern Ljósavatnsskarð (Cotman, 1979), and 1.7 ± 0.1 Ma from
Kinnarfell (Cotman, 1979). Though all of these ages are from the younger basalt pile,
similar topographic relief and the width of major valleys elsewhere in the study area
suggest an approximately equal age for the topography throughout the peninsula.
However, northwest trending tributary valleys in the northwest parts of the peninsula are
broader than subparallel tributary valleys found elsewhere; this may indicate that the
northwestern parts of the peninsula have a longer erosive history than much of the eastern
part of the area. As previously discussed, all of the above-mentioned dates (perhaps
excluding Kinnarfell) are probably too young. The interpreted values of these dates,
based upon magnetostratigraphic correlations, suggest that initiation of major incisions
leading to the present topography has occurred since about 2.5 Ma.
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Evidence for ~ 6-7 Ma Reorganization of Axial Rift Zone Activity
The evidence for a ~ 6-7 Ma shift in location of axial rift zone (i.e., crustal
accretion zone) activity in north Iceland is the following:
1. K/Ar ages from the oldest dated postflexure age flows (6.2 Ma along the west
flank of the NEIARZ (Figure 2-8, column 5) and 5.8 Ma along the east flank (Cotman,
1979) indicate a minimum age for the sequence. These flows are just slightly above, or
directly overlie, regional unconformities eroded into minimally 9.5-10 Ma rocks in the
western area and 11.1 Ma (Cotman, 1979) flows in the eastern locality. Cotman’s (1979,
p. 33) dates across the northeast Iceland flexure are located approximately 35 km north of
the 0-13 Ma continuous section line (in east Iceland) shown in Figure 2-14.
2. K/Ar ages from presumed postflexure age dikes in the eastern Dalsmynni
flexure zone. In the 25°-35° southeast dipping portion of the flexure most dikes are
perpendicular to lavas and have therefore probably been rotated with them, but several
are subvertical and are permissively interpreted as representative of early magmatic
activity, associated with the present NEIARZ, which occurred subsequent to flexuring.
Though cooling intrusions may trap excess radiogenic argon and thereby yield spuriously
old K/Ar ages, we have dated three dikes in Dalsmynni (Table 2-2, Figure 2-2). The
oldest dated subvertical dike in eastern Dalsmynni is 7.5 Ma (sample D3).
3. K/Ar ages from the core region of the Húnaflói-Skagi syncline. Cotman’s
(1979) data suggest a cessation of Tertiary volcanism along this extinct axial rift zone ~
6-7 Ma.
4. Plate reconstruction along the NEIARZ. A half-spreading rate of 1 cm/yr
along a spreading direction of 100° (e.g., Vogt et al., 1981) will close the present (mean)
140 km separation of the flexures bounding the present NEIARZ (Figure 2-1) in 7 m.y.
Significance of this 7 Ma “age” relies on the debatable assumption that the eastern and
western flexure zones originally formed immediately adjacent to one another and have
subsequently been separated by spreading. Considering the presence of exposed Tertiary
units between the flexures bounding the NEIARZ and the possibility of Tertiary lavas
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being buried beneath Plio-Pleistocene and/or upper Pleistocene flows, the 140 km/7 m.y.
figures cited here must be considered maximum values based upon a simple model.
Though this paper shall focus on the volcano-tectonic evolution of north Iceland,
the evidence for ~ 6-7 Ma reorganization of axial rift zone activity in southwest Iceland is
relevant (refer to Figure 2-14):
1. Jóhannesson (1980) reported an age gap across the Hredavatn unconformity,
where 6.5-7.0 Ma flows unconformably overlie 12-13 Ma lavas. Jóhannesson (1980, p.
30) stated that “. . . the time gap represented by the unconformity . . . (becomes)
relatively small (to the northwest) in Hitardalur where the unconformity might represent a
time of low volcanic activity rather than a pause in the activity”. The setting at
Hredavatn is apparently structurally analogous to that along the western flexure zone in
north central Iceland.
2. Moorbath et al. (1968) reported a single K/Ar age from the core region of the
Snæfellsnes syncline. Disregarding minor erosion, this date (which we have recalculated
to currently recommended decay constants) suggests Tertiary volcanism terminated ~ 6.9
± 0.4 Ma along Snæfellsnes. Jóhannesson (1980) suggested the Snæfellsnes syncline
marks the southwestward continuation of the Húnaflói-Skagi Axial Rift Zone (HSARZ);
however, Figure 2-14 shows that the Snæfellsnes syncline and Húnaflói-Skagi syncline
are separated, along axis, by a homoclinal sequence dipping southeast. The Snæfellsnes
synclinal structure persists as far east as the river in Hrútafjörður (H. Jóhannesson,
personal communication, 1984), but the region immediately east of there is little
investigated.
3. Using the aforementioned spreading rate and direction, plate reconstruction
requires ~ 6.6 m.y. to move the flexure underlying the eastern portion of the exposed
Hredavatn unconformity eastward to a location along the present medial line of the
Southwest Iceland Axial Rift Zone (SWIARZ). For the same reasons cited in 4, above
this 6.6 m.y. figure might be considered a maximum estimate. The SWIARZ has no
exposed counterpart to the eastern flexure zone found flanking the NEIARZ; possibly,
any such flexure zone in Tertiary lavas is presently buried by the Plio-Pleistocene and
younger series of south central Iceland.
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Regional Stratigraphic Sections Lacking Significant Hiatuses
It is significant that very long stratigraphic sections exist in Iceland, having no
significant hiatuses. The dip lines and age spans of three such sections in northwest,
north central, and east Iceland are shown in Figure 2-14. Dip lines of these sections
converge toward the central highlands of Iceland and imply long-term, relatively
continuous volcanic production there.
Watkins and Walker (1977) described a continuous 9-km-thick lava sequence in
eastern Iceland, ranging in age from about 13 to 2 Ma. They reported a short-lived 7.36.4 Ma pulse of increased lava accumulation in eastern Iceland; the accumulation rates
above and below this interval are comparable and about 4 times less than the rate from
7.3 to 6.4 Ma. Harrison et al. (1979) did not confirm this 7.3-6.4 Ma increase in lava
production; possibly it is a local phenomenon or an artifact of miscorrelation (Vogt et al.,
1980, p. 73). Within the continuous eastern Iceland section, McDougall et al. (1976)
reported a low lava extrusion rate of one flow every 40,000 years over a sampled interval
from ~ 7.6 to 4.9 Ma (we have recalculated these ages to the new decay constants).
Apparently, this section has a base which is stratigraphically immediately above the 6.4
Ma inflection in the accumulation rate curve given by Watkins and Walker (1977, p. 533,
their Figure 7) (also see Harrison et al. (1979, p. 147, their Figure 4)). In the present
study we have reported relatively low extrusion and accumulation rates for the lower
portion of postflexure stratigraphy in Flateyjarskagi, as has Cotman (1979) for flows in
Ljósavatnsskarð.
These data, and those of the preceding section, permit the following
generalizations and (open-ended) questions:
1. There was major reorganization in the locations of axial rift zone activity
throughout Iceland ~ 6-7 Ma.
2. Individual axial rift zones are relatively transient zones of volcanism compared
to contiguous central Iceland, which was a site of continuous lava production.
3. Are developing axial rift zones established with relatively modest volcanic
output, compared with more “mature” axial rift zones?
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4. Does the time of initiation of new axial rift zone activity correlate with a
marked change in volcanic production in the region of central Iceland?

Spreading in Northeast Iceland Prior to 7 Ma?
The evidence indicating an age of ~ 6-7 Ma for the present NEIARZ is permissive
regarding the model (Sæmundsson, 1974) of an axial rift zone “jump” from the HSARZ
to the NEIARZ at that time (although Sæmundsson suggested an age of about 4 Ma for
the present NEIARZ).
However, geological relationships in Flateyjarskagi suggest that transform-related
shear deformation largely preceded flexuring and accumulation of the younger basalt
pile. (Fracture zone structures in northern Flateyjarskagi are described by Young et al.,
this issue.) In northeastern Flateyjarskagi the flexure axis shows a clockwise deflection
of about 15°, whereas (older basalt pile) dike trends show systematic regional variations
which suggest approximately 60°-90° of clockwise curvature caused by right-lateral
heterogeneous simple shear (cf. Young et al., this issue, their Figure 6). Northernmost
exposures near the disconformable boundary between the older and younger basalt piles
indicate that this contact is a discontinuity in dike density, dike orientation, fault density,
fault orientation, and fault slip sense (slickenline orientations in the older basalt pile in
this area indicate many faults underwent strike-slip displacements). These relations
suggest the accumulation of the younger basalt pile largely post-dated intrusion and
deformation in the underlying older basalt pile. K/Ar ages and tentative stratigraphic
correlations in the younger basalt pile suggest that the northernmost basal flows in these
units are between ~ 6.5 and 6 Ma. Along with the aforementioned K/Ar ages from
presumed postflexure age dikes (in Dalsmynni), which suggest flexuring occurred
approximately 7 Ma, these data provide upper temporal bounds to regional shear
deformation in Flateyjarskagi.
Our estimate of shear displacement in northern Flateyjarskagi requires that
approximately 2 m.y. of transform activity occurred prior to flexuring (Young et al., this
issue). This raises the possibility that Flateyjarskagi shear deformation developed in
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conjunction with an approximately 9+ Ma age axial rift zone, which was operative along
roughly the same location as the present (that is, younger than 6-7 Ma) NEIARZ. We
presently cannot be conclusive regarding this matter; however, the regional configuration
of isochrons across the island lends support to the hypothesis that spreading older than 7
Ma has occurred in northeast Iceland.
Isochrons in Figure 2-14 are taken largely from Sæmundsson (1980, p. 12, his
Figure 6). The reader should bear in mind that such isochrons represent the strike lines of
lavas of given ages and that such lavas may be present downdip in the subsurface.
Surficially exposed lavas of a given age are vertically underlain by older flows in the
subsurface. Regional lava strikes reflect dips imparted by continuing lava accumulation,
subsidence, and burial (e.g., Bödvarsson and Walker, 1964).
Though rocks ≥ 10 Ma are not exposed in south and southeast Iceland, their
discontinuous exposure elsewhere on the island is roughly concentric with central
Iceland. Isochrons as young as 7 Ma define, in west, east, and north Iceland, a pattern
approximately concentric to the center of the landmass. Most younger isochrons,
however, trend approximately parallel to the neovolcanic zones.
Icelandic isochrons are largely primary in trace; excluding portions of
Flateyjarskagi and Tjörnes, significant tectonic reorientation of isochrons is refuted by
the general lack of reorientation in associated dike trends (see Figure 2-3). In the
available literature we have found no evidence which suggests significant dispersion of
remanent magnetization vector declinations in regions where isochrons display curvature
(such as in the Tröllaskagi region, north central Iceland (see Sæmundsson et al., 1980)).
All proposed previously active (HSARZ, Snæfellsnes axial rift zone) and
currently active axial rift zones (NEIARZ, SWIARZ, southeast Iceland axial rift zone)
trend approximately northeast or north. Regional dike orientations (Figure 2-3) indicate
that lavas were extruded, throughout Iceland’s subaerial history, under a stress regime
having the minimum compressive stress approximately perpendicular to the trends of
presently active axial rift zones. However, it is difficult to reconcile the configuration of
isochrons ≥ 7 Ma with volcanism restricted exclusively to north and northeast trending
crustal accretion zones.
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These older isochrons do not exclusively mimic the commonly ridge parallel
alignments of submarine magnetic anomalies characteristic of the adjoining Atlantic
ocean floor. For example, isochrons ≥ 7 Ma in north central Iceland have trends curving
from northwest to east to northeast; for much of their length these isochrons are very
roughly parallel to (not perpendicular to) the presumed spreading direction of 100°.
Aforementioned continuous stratigraphic sections, defining dip lines convergent toward
central Iceland (Figure 2-14), indicate that approximately linear crustal accretion zones
(axial rift zones) have coexisted with a consistently productive volcanic zone in the
region of the central highlands. Onlap of lavas from this central island volcanic area
must have affected the regional configuration of the older isochrons, and this fact
complicates any evolutionary models involving crustal genesis along axial rift zones.
This central highlands volcanic area is referred to here as the Central Highlands
Transverse Zone (CHTZ, Figure 2-14). Regardless of whether or not the CHTZ has been
the site of transcurrent motion during any period of its (long-lived) history (Ward et al.,
1969; Sigurdsson, 1970; Schäfer, 1972), the zone has been consistently volcanically
productive. The transverse zone may be compared in many respects to the Reykjanes
peninsula of southwest Iceland (Figure 2-3), an oblique rift zone in the sense that
isochrons here generally trend approximately east-west while associated fissure swarms
trend about 030°-040° (this relationship has been interpreted by Tryggvason (1968) as the
expression of a deep-seated strike-slip fault with a component of opening; see also
Einarsson and (1980)). In a similar sense, the transverse east-west zone of central
Iceland may be referred to as an oblique rift or leaky transform zone. The observation
that the structural grain of Iceland changes from northeast to north trends along the
latitude of this zone (Figures 2-3 and 2-14) suggests the evolution of the central Iceland
oblique rift zone has been more complex than at Reykjanes.
Regional age distribution suggests limits to the explanatory scope of the
hypothesis of a singular eastward “jump” of axial rift zone activity, ~ 6-7 Ma, in north
Iceland. In this model, all preflexure age lavas in north Iceland originated in the HSARZ.
With the NEIARZ flexures “closed” together, as at ~ 7 Ma, the spreading direction
parallel separation of the east Iceland 10 Ma isochron and the northwest peninsula 10 Ma
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isochron is such that the east Iceland rocks are still more than 3 times farther from the
HSARZ axis than similar ages rocks of the northwest peninsula. Vogt et al. (1980)
reported a symmetrical total spreading rate of 2 cm/yr over the last 12-14 Ma, based on
an analysis of the marine magnetic anomaly pattern north of Iceland. Lack of evidence
for pronounced asymmetric spreading rates over this time period (and the absence of a
regional synclinal structure in the Tertiary series of northeast Iceland) suggests that the
older rocks of northeast Iceland formed in an axial rift zone located in a position roughly
equivalent to the present NEIARZ. In our model, northwest to east to northeast curving
isochrons in north central Iceland reflect subsidence-imparted strike lines affected by
synchronous volcanic activity in the HSARZ, the CHTZ (Figure 2-14), and what we
shall refer to as a “proto-NEIARZ”. Lavas ≥ 7 Ma in north central Iceland become
younger downdip, toward central Iceland, and define isochrons largely nonparallel to the
northerly trend of the axial rift zones. Regarding the configuration of strike lines in
Tröllaskagi and the east-west transverse zone of central Iceland, Sæmundsson et al.
(1980, p. 3637) have suggested that
the downdip thickening and younging of the lava pile toward the
southwest and south show that the focus of volcanism migrated southward
with time . . . the (010° trending) dikes are elements of en echelon arrays
lying within the former rift zone. The trend of that rift zone would have
been parallel with the lavas. . . .
Walker (1974, p. 187, his Figures 6 and 7) has suggested such a southerly
migration of volcanic production maxima in east Iceland to account for the gentle
regional nontectonic “S bend” in the older lava isochrons there.
The above data and interpretations may be summarized in the following general
outline of a working hypothesis for the volcano-tectonic evolution of north Iceland:
1. The HSARZ (and its possible southwesterly extension, the Snæfellsnes axial
rift zone) was operative from ~ 15 to 7 Ma.
2. The “proto-NEIARZ” had an axial zone roughly coincident with that of the
present NEIARZ. The “proto-NEIARZ” was volcanically productive over much of its
northern extent from > 12 Ma to perhaps 9 Ma. Subsequently, younger “proto-NEIARZ”
volcanism may have been limited largely to the southern part of the zone, proximal to
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central Iceland. The gentle Eyjafjörður anticline (of half dome) (trending SSW from
Dalvík; see Figure 2-14) probably represents an anticline developed passively through
subsidence along the flanking and largely penecontemporaneous HSARZ and “protoNEIARZ”. We speculate that lavas most distal to the generative HSARZ probably
interfingered in the general region of the structural culmination represented by the
Eyjafjörður anticline.
3. The east-west transverse, central highlands volcanic production zone, has been
active from ~ 15 Ma to present and apparently shares characteristics of either an oblique
spreading zone or a leaky transform zone. Axial rift zones contiguous with this central
highlands volcanic zone and older than ~ 7 Ma constituted northern trending “fingers” of
volcanic activity.
4. Flateyjarskagi shear deformation developed via “proto-NEIARZ” spreading
prior to ~ 7 Ma. This shear deformation probably started ~ 9-10 Ma, in the region of
Flateyjarskagi.
5. Circa 6-7 Ma the “present” NEIARZ developed as a linear volcanic zone
contiguous with central Iceland. Differentiation of the “proto-“ and “present-“ NEIARZ
is largely based upon the presence of structures associated with flexuring ~ 7 Ma and the
abrupt lithological discontinuity across the flexure-related unconformity in the
Flateyjarskagi region. Flexuring, subsidence, and onlap of lavas formed regional lava
pile age juxtapositions and stratigraphic hiatuses. These hiatuses define time gaps which
diminish in magnitude with (southward) proximity to the central highlands volcanic area.
New NEIARZ-generated isochrons evolved approximately parallel to north, apparently at
a high angle to older adjacent isochrons in north central Iceland (the configuration of
these older isochrons in the subsurface is, however, presently unknown) and roughly
parallel to known older isochrons in northeast Iceland.
6. The transform shear zone which presumably accommodated “proto-NEIARZ”
spreading influenced the development of a transform zone for the present NEIARZ. Post
~ 7 Ma shear deformation has apparently been restricted largely to areas now offshore,
except along the Húsavík fault system in Tjörnes (Figure 2-1).
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Summary and Conclusions
Twenty-three new K/Ar ages from north central Iceland are reported; in addition,
we present data for 12 other previously unpublished K/Ar ages (Cotman, 1979).
A working field classification of various lava types found in the study area has
been presented. This classification distinguishes porphyritic basalts, doleritic basalts,
olivine tholeiites, tholeiites, basaltic icelandites, icelandites, dacites, and rhyolites.
Chemically, all rocks so far analyzed are members of the tholeiitic series.
Two flood basalt piles are in unconformable contact. The older ranges in age
from ~ 9.5 to 12.5 or 13 Ma and interdigitates with the Flateyjardalur Central Volcano; it
has previously been suggested that these rocks were erupted in the extinct Húnaflói-Skagi
Axial Rift Zone in western north Iceland (Sæmundsson, 1974). This older flood basalt
pile is composed largely of tholeiite flows, and the lowest portions of this group represent
the deepest known stratigraphic levels in north central Iceland. In eastern Dalsmynni the
upper to middle portions of this older basalt pile comprise a monoclinal flexure probably
developed ~ 7-6 Ma during the early stages of a 130-km eastward shift of axial rift zone
activity, from the Húnaflói-Skagi Axial Rift Zone (HSARZ) to the present Northeast
Iceland Axial Rift Zone (NEIARZ).
A younger flood basalt pile has been deposited unconformably on the older basalt
group. Acid rocks in basal portions of this younger basalt sequence represent the
Náttfaravík Central Volcano and are ~ 6-5 Ma; these rocks represent the earliest dated
eruptive products confidently assigned to the present NEIARZ. Lavas which bury and
overlie Náttfaravík Central Volcano rocks have accumulated over a period of ~ 5-2.5 Ma.
Layers resembling tillites are found in the upper portion of this sequence; most units are
compound doleritic basalt, porphyritic basalt, and olivine tholeiite. The unconformity
between the younger and older basalt piles represents a major structural, age, and
compositional boundary in north central Iceland.
Composite lithostratigraphic and magnetistratigraphic columns have been
combined with pertinent K/Ar ages for two areas, the Dalsmynni region and parts of the
mountain range lying east of Flateyjardalur and Fnjóskadalur. Correlations with the
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polarity log from Tröllaskagi (Saemunsson et al., 1980) and the polarity time scale of
LaBrecque et al. (1977) indicate that the base of marine magnetic anomaly 5 is exposed
in Dalsmynni. An approximate lava accumulation rate of 1000 m/m.y. has been
calculated for a 700-m-thick interval of this section.
The younger basalt pile contains local unconformities within units of possible
epoch 5 age and likely Gilbert age; the youngest flows in the study area range to as young
as the Gauss epoch. On the basis of alternative correlations with the combined polarity
times scales of Mankinen and Dalrymple (1979) and McDougall et al. (1977), a
representative mean lava accumulation rate of about 500 m/m.y. has been calculated over
an approximately 0.5-km-thick interval of this stratigraphy.
A regional cross section from Dalsmynni to northernmost Bárdardalur suggests
that subhorizontal zeolite zones in the east Dalsmynni flexure zone have been largely
reset subsequent to flexuring. Zeolite zones are downthrown by faults approximately 700
m from the east flank of south Flateyjardalur to the area immediately west of Bárdardalur
and south of Bakrangi. The age distribution and stratigraphy of the postflexure flows is
suggested to represent a combination of relatively continuous onlap of lavas from the
east-southeast concurrent with west to east sequential development of fault-bounded
depressions and discontinuous lava accumulation reflecting local controls exercised by
paleotopography, erosion, and glacier ice. The youngest K/Ar ages from flood basalts in
the younger basalt pile indicate initiation of the present dissected topography in the
region of the study area after 2.5 Ma.
Radiometric ages, regional isochron patterns, and timing constraints for
Flateyjarskagi shear deformation suggest that volcano-tectonic evolution in north Iceland
has been complex and that the hypothesis of a single eastward “jump” of axial rift zones
~ 6-7 Ma may be too simplified. While HSARZ activity essentially ceased at about the
same time that the “present” NEIARZ developed, earlier crustal accretion along a “protoNEIARZ” is apparently required. Much of the older lava pile in Flateyjarskagi may have
been generated from the “proto-NEIARZ,” which was contiguous with an east-west
(oblique) volcanic zone which possibly migrated to the south with time. We suggest that
crustal accretion throughout north Iceland occurred along the HSARZ and the “proto-
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NEIARZ” from approximately 15 to 7 Ma; subsequently, structural reorganization and
renewed volcanic production occurred during inception of the present NEIARZ. The
previous existence of two axial rift zones in north Iceland may have an analog with the
present double-branched configuration of axial rift zones in south Iceland (cf. Figures 21 and 2-3).
In some instances, axial rift zones in Iceland remain preferred zones of crustal
weakness subsequent to termination of a period of more or less continuous volcanism.
Lavas on Skagi of age 0.5-2.5 Ma (Figure 2-1) (see Everts, 1975; Sigurdsson et al.,
1978) are unconformably overlying Tertiary flows and indicate that largely inactive axial
rift zones may be sporadically “leaky” or rejuvenated. The postulated “proto-NEIARZ”
and the present NEIARZ are consistent with the view that volcanism along Icelandic
axial rift zones may wax, wane, cease, and start once again.
The interpretation of Vogt et al. (1980) of one of the diachronous (“V-shaped”)
submarine basement escarpments, which flank the Mid-Atlantic Ridge immediately
southwest of Iceland, was that a ~ 6-7 Ma “A” event (Vogt et al., 1980, p. 73) reflects
abrupt increase in discharge from the Iceland mantle plume at that time. Our proposed 67 Ma reorganization of axial rift zone activity on land is time correlative with this “A”
event and may be causally related.
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Figure 2-1 (see previous page): Geologic and geographic location map of northern Iceland (top).
The bathymetric high marking the Mid-Atlantic Ridge (MAR) north of Iceland becomes an axial
graben near the Tjörnes Fracture Zone (TFZ). Age distribution of lavas and on-land structures
after Sæmundsson (1980). Fault scarps in TFZ from McMaster et al. (1977); Húsavík-Flatey fault
system (H.f.s.) from Thors (1983) and Sæmundsson (1974). Northern boundary of TFZ from
Sæmundsson (1974). Flateyjarskagi, boxed region in top diagram, is detailed in Figure 2-2.
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Figure 2-2: Geographic and topographic reference map of Flateyjarskagi and adjacent area; contour
interval is 300 m. K/Ar ages are preceded by sample numbers with are listed with appropriate data in Table
2-2. Heavy lines labeled with letters mark locations of stratigaphic sections referenced in Figures 2-6, 2-7,
2-8, and 2-9. Skessu., Skessuskálarfjall.
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Figure 2-3: Distribution of lava ages, dike trends, central volcanoes, and fissure swarms in
Iceland. 1, outwash and lava apron; 2, upper Pleistocene and Postglacial series (< 0.7 Ma); 3,
Plio-Pleistocene series (3.1-0.7 Ma); 4, Tertiary series (> 3.1 Ma); 5, predominant dike trend; 6,
upper Pleistocene and Postglacial volcanic system: central volcano/fissure swarm (dashed line,
inferred); 7, fissure trend; 8, flank zone; 9, regional flexure (tick marks indicate dip directions of
associated flows). This figure is after Sæmundsson (1980, p. 8, his Figure 1) except for dike
trends in Flateyjarskagi and Tjörnes (cf. Young et al., this issue). Note that fissure swarms in the
southern half of Iceland typically define right stepping, en echelon patterns, while those in the
northern half are left stepping. Dike trends generally parallel the present axial rift zones, with
noteworthy exceptions in Flateyjarskagi and Tjörnes.

52

Figure 2-4: Generalized orientation, distribution, and apparent age of lava units in Flateyjarskagi. FCV,
Flateyjardalur Central Volcano; NCV, Náttfaravík Central Volcano. Flatey fault escarpment after Thors
(1983). Cross section lines A-B and C-D are marked with short section-parallel lines adjacent to the
appropriate circled letters. Anticlinal continuation of flexure in northeastern Flateyjarskagi = Flateyjardalur
Anticline. Regional unconformity is shown schematically. Bárdar., Bárdardalur; TFZ, Tjörnes Fracture
Zone. The age distribution of Plio-Pleistocene rocks shown in this figure is based on correlations from
columns 4-7, Figures 2-8 and 2-9.
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Figure 2-5: Oblique aerial view facing southwest toward the sea cliffs along the northern-most
part of Bakrangi mountain (view indicated in Figure 2-10). The relief shown is approximately
375 m, from sea level to the top of the sketch; the cliff exposures are approximately subvertical
from the water line to the top of the sketch. NCV rocks are lithologically heterogeneous (acid tuff
breccias, conglomerates, sandstones, icelandites, dacites) but are undifferentiated in the sketch.
Only clearly visible basaltic dikes are shown. The angular to parallel disconformity between
NCV units and the overlying compound doleritic basalts and olivine tholeiites is shown with
stippling. Lava contacts (mostly compound) marked with clearly visible interbasalt red beds are
shown. The “fault ravine” in the upper left-hand corner lies along the Árnagjá fault (F1, Figure 210; about 100 m of throw), south of which NCV rocks are not exposed. The crosses indicate
where relationships are indeterminate due to cover.
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Figure 2-6 (on previous page): Lithostratigraphic and magnetostratigraphic sections from
Ljósavatnsskarð. Section locations shown in Figure 2-2. K/Ar ages shown in this figure have
been reported by Cotman (1979). Lithostratigraphy is depicted on the left sides of individual
columns, magnetostratigraphy on the right sides (shaded zones, normal polarity; white zones,
reversed). The Gilbert-Gauss epoch boundary is tentatively marked with a dashed line. Section
T (cf. Figure 2-2) is shown in order to provide a tie-in with the stratigraphy located farther to the
north of Ljosavatsskarð (cf. Figure 2-8, column 5). The term “kubbaberg” (cf. legend and section
T) is an Icelandic word describing a unit largely composed of fractured, separated pillow basalt
rinds in a matrix of fine-grained lava and/or palagonite. The basaltic icelandite shown in sections
U and HA varies to an icelandite.
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Figure 2-7: Generalized composite lithostratigraphic and magnetostratigraphic column of the
Dalsmynni area (left and right sides, respectively, column 1). Shaded zones, normal polarity;
white zones, reversed. Left of column 1 the overlap of specific sampled stratigraphic sections is
shown (see Figure 2-2). Right of column 1, pertinent K/Ar ages are listed; samples TL2, TL3,
and TL6 are from Cotman (1979). Scale for columns 2 and 3 is time in Ma. Column 2 is the
polarity log from Tröllaskagi (from Sæmundsson et al., 1980); ages for boundaries between
reversals determined by linear regression analyses of K/Ar dates. Column 3 is the polarity time
scale of LaBreque et al. (1977), based on seafloor spreading assumptions; ages are for boundaries
between reversals and have been recalculated to currently recommended 40K decay constants
(Steiger and Jäger, 1977). Correlations between columns are indicated with dashed lines. We
emphasize the provisional nature of these correlations.
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Figure 2-8 (see previous page): Lithostratigraphic and magnetostratigraphic column from the
northern portion of Bakrangi (column 4) and a composite column from the younger basalt pile
near southern Flateyjardalur, Flateyjardalsheidi, and northern Fnjóskadalur (column 5). Overlap
of constituent sections is shown to the left of columns 4 and 5; pertinent K/Ar ages are listed to
the right. We have constructed column 6 by combining the polarity time scales of Mankinen and
Dalrymple (1979), based on available K/Ar ages up to 5.0 Ma, and McDougall et al. (1977), from
which the portion of the column greater than 5.0 Ma has been taken. The polarity time scale of
McDougall et al. was developed using K/Ar ages from western Iceland, and we have recalculated
relevant reversal ages according to Steiger and Jäger (1977). Tentative correlations are indicated
with dashed lines. NCV, Náttfaravík Central Volcano. K (column 5), Kambur sedimentary layer,
comprising siltstone and sandstone upon a basal conglomerate.
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Figure 2-9: Interpretation of age relations for rocks in the area of Bakrangi and Skessuskálarfjall (column
7) and Ljósavatnsskarð (column 8). Vertical scale of both columns is aggregate stratigraphic thickness (in
meters). Column 7 shows hypothetical composite lithostratigraphy (left side) and magnetostratigraphy
(right side) for rocks at Bakrangi and Skessuskálarfjall (latter represented by uppermost 100 m of column).
Lithological symbols are the same as in legends for Figures 2-7 and 2-8. Dashed vertical lines marked “X”
to the left of column 7 represent traverse X of Figure 2-2 and column 4 of Figure 2-8. The stratigraphic
gaps imparted by relevant faults (Figure 2-10) have been restored, and the stratigraphy shown in column 7
has been field checked. The K/Ar age for sample E5 (1.1 ± 0.1 Ma) has been ignored. Column 8 is the
composite magnetostratigraphic column for Ljósavatnsskarð stratigraphic sections shown in Figure 2-6 and
located in Figure 2-2. Overlap of constituent sections is shown with vertical lines to the left of the column;
K/Ar ages are to the right of the column. The Gauss-Gilbert epoch boundary shown is speculative.
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Figure 2-10: Lava paleomagnetic polarities and faults in the area of Bakrangi and Skessuskálarfjall.
Skessu., Skessuskálarfjall. Contour interval = 200 m; the shoreline along the coast of Skjálfandi is shown
with a fine dotted line. Normal polarity lavas, stippled pattern; reversed lavas, horizontal line pattern.
Faults are shown with heavy lines having tick marks on downthrown blocks. F1, Árnagjá fault, having an
easterly downthrow of ~ 100 m; F2, easterly downthrow of ~ 200 m; F3, easterly downthrow of ~ 200 m;
F4, easterly downthrow of ~ 100 m. Small solid circle in Skessuskálarfjall normal polarity flows, location
of sample E1 (cf. Figure 2-2). Small solid square northwest of F1, location of sample E5 (cf. Figure 2-2).
Star between F2 and F3, location of highest flows shown in column 4 of Figure 2-8 (top of traverse X,
Figure 2-2). Eastern limits to Bakrangi flows are controlled by the northernmost part of the Bárdardalur
escarpment; western limits of depicted polarity groups are uncertain due to poor exposure along this flank
of the mountain. The arrow at the top of the diagram (facing southwest) indicates approximate line of sight
for Figure 2-5. NCV, oceanward exposures, Náttfaravík Central Volcano units.
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Figure 2-11: Lava-accumulation rate line for an interval in composite stratigraphic column 1 shown in
Figure 2-7. Ordinate, aggregate stratigraphic thickness from column 1; abscissa, age in Ma. TL2, TL3,
TL6, and D4, K/Ar ages from column 1; horizontal bars, analytical errors. The five plotted points, the base
of anomaly 5 time (uppermost point), the top of anomaly 5A (lowermost point); the intervening three points
represent the bases of normal polarity events between anomalies 5 and 5A: all points represent ages taken
from column 2, Figure 2-7. The accumulation rate line has been best fit to the five points and has a value
of about 1000 m/m.y.

62

Figure 2-12: Bracketing values for lava accumulation rates for an interval in composite stratigraphic
column 5 in Figure 2-8. Ordinate, aggregate stratigraphic thickness from column 5; abscissa, age in Ma.
E2, E2, and E4, K/Ar ages from column 5; horizontal bars, analytical errors. The four plotted points
represent ages from column 6, Figure 2-8, as follows: the upper left point, the base of the Cochiti event;
the upper right point, the base of the Nunivak event; the lower left point, the top of the Thverá event; and
the lower right point, the top of epoch 5. As discussed in the text, the two rate lines shown in this figure
(322 and 783 m/m.y.) depict the highest and lowest (bracketing) values selected from the four most likely
cases of alternative age assignments from column 5 to column 6, Figure 2-8. The mean value for all four
alternative correlations is about 500 m/m.y.
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Figure 2-13: Schematic geologic cross sections through the flexure zone exposed along the north flank of
Dalsmynni (A-B) and the younger basalt pile between Flateyjardalur and northernmost Bárdardalur (C-D).
Section locations are given in Figure 2-4. The distribution of the most characteristic amygdule minerals is
indicated. Half-solid circles indicate representative apparent dip angles for chalcedony laminations in
amygdules. Regional unconformity separating older and younger flood basalt piles is a disconformity along
the latitude of section C-D but is inferred to be an angular unconformity farther south along
Flateyjardalsheidi.
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Figure 2-14 (see previous page): Large-scale folds, neovolcanic zones, and approximate regional
age distribution in Iceland. NEIARZ, Northeast Iceland Axial Rift Zone; SEIARZ, Southeast
Iceland Axial Rift Zone; SWIARZ, Southwest Iceland Axial Rift Zone; CHTZ, Central Highlands
Transverse Zone; HSS, Húnaflói-Skagi Syncline (and axial line of “extinct” Húnaflói-Skagi Axial
Rift Zone); SS, Snæfellsnes Syncline (and axial line of “extinct” Snæfellsnes Axial Rift Zone);
BA, Borganes Anticline crestline; EA, Eyjafjörður Anticline crestline; HA, Hreppar Anticline
crestline; H, Hredavatn unconformity; RR, Reykjanes Ridge; KR, Kolbeinsey Ridge; An 5, trace
of Marine Magnetic Anomaly 5. Location of axial lines of NEIARZ, SEIARZ, SWIARZ, and
CHTZ (labeled recent spreading axes) after Sæmundsson (1980); axial lines of HSS and SS
modified from Jóhannesson (1980). Location of rocks ≥ 10 Ma from Sæmundsson except in
Flateyjarskagi (this study) and the Hredavatn-BA region (Jóhannesson); 7 Ma isochrons largely
from Sæmundsson and Jóhannesson. Neovolcanic zones, dip lines of continuous sections, and
offshore features from Sæmundsson. Regional anticline crestlines modified from Jóhannesson
(BA) and Aronson and Sæmundsson (1975) (EA and HA). Flexure zones bounding the present
NEIARZ are not shown (refer to Figures 2-1 and 2-3) nor the Flateyjardalur Anticline in
northeastern Flateyjarskagi (Figure 2-4). Locations of borders to neovolcanic zones in
southeasternmost Iceland are not unequivocal due to presence of large glacier ice in this region
(Vatnajökull).
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Table 2-1: Field Characteristics of Lava Types.
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Table 2-2 (2 pages, above and below): Potassium-Argon Age Data for Whole Rock Samples
From the Area Between Eyjafjörður and Skjálfandi, North Central Iceland.
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Chapter 3

Dikes, Minor Faults and Mineral Veins Associated with a Transform Fault in
North Iceland: Discussion
We welcome an independent assessment by Fjäder et al. (1994) of an area
encompassed by our previous work (Young et al., 1985). We believe it is productive that
alternative viewpoints be available when assessing complex, fracture-dominated
deformation such as exists along the Tjörnes Fracture Zone (TFZ) of Iceland.
Fjäder et al. (1994) described dikes, minor faults and mineral veins mostly
observed along parts of the western and northern coasts of the Flateyjarskagi peninsula in
north-central Iceland. Particularly in the northern part of this peninsula, Tertiary basalts
contain structural elements formed and deformed by right-lateral transform-fault activity
near the southern boundary of the TFZ (Jancin et al., 1981). The stratigraphy, K/Ar ages
and structure of the Flateyjarskagi peninsula and adjacent area have been discussed by
Jancin et al. (1985) and Young et al. (1985). From south to north along the western half
of Flateyjarskagi, as one approaches the TFZ, lava bedding and dikes display a
progressive 0-110° clockwise change of trend, and lava dip angles steepen from ~ 15-45°
NW (Young et al., 1985). We noted that this structural curvature is accompanied by a
generally progressive increase in fault, vein and (locally) dike intensity, and an elevated
paleogeothermal gradient as inferred from vein and amygdule minerals.
Fjäder et al. (1994) largely confirmed the structural observations generalized
above, although they gathered structural data along only one relevant traverse (their
Figure 5, profile C) within the interior of the peninsula. However, they disagreed with
the previous interpretation of these structures by Young et al. (1985) on a significant
point: Fjäder et al. (1994) did not concur that significant tectonic rotations have occurred
along northern Flateyjarskagi. We believe that some of their disagreement stems both
from a misunderstanding of key points in Young et al. (1985) and an areally incomplete
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study of the attitudes of structural elements within the interior of the peninsula, as
discussed below.
In Young et al. (1985), we demonstrated that the 0-110° clockwise change in the
strike of lavas and dikes occurs over an 11-km wide zone immediately south of the Flatey
fault. This zone trends WNW, approximately parallel to the TFZ boundary. The Flatey
fault passes within 1 km of the north coast of Flateyjarskagi, and is one of a series of leftstepping, right-oblique faults comprising the Húsavík-Flatey fault system (HFFS) (Voight
et al., 1983). The HFFS is considered to be the present southern boundary to the TFZ.
Contrary to the depiction of the Húsavík-Flatey fault in Fjäder et al. (1994; their Figure
1), there is no structural or bathymetric evidence indicating a single, through-going rightlateral fault passing from Húsavík westnorthwest to near the north coast of Flateyjarskagi
(Thors, 1983).
Young et al. (1985) evaluated three hypotheses regarding the aforementioned 0110° structural curvature in northern Flateyjarskagi: (1) formation of dikes associated
with radial or circumferential stress trajectories near the Flateyjardalur central volcano;
(2) dike intrusion during lava pile formation in a transform-influenced curved stress field;
and (3) flow and dike reorientation by clockwise tectonic rotations, about roughly
subvertical axes, due to TFZ-related, right-lateral heterogeneous, approximated simple
shear. As explained in that paper, the weight of the data favored the third interpretation.
We therefore referred to the 11-km wide zone of pronounced structural curvature as the
Flateyjarskagi shear zone. The southern limit to the Flateyjarskagi shear zone was
tentatively defined by the Gil-Látur line, a TFZ-subparallel hypothetical boundary
separating dikes to the south, having distinct mean NNE trends, from dikes to the north
which progressively swing clockwise and ultimately attain WNW mean trends along the
north coast (Figure 3-1, after Young et al., 1985, their Figures 5 and 7). The Gil-Látur
line also divides lavas with SW-WSW dips, to the south, from flows to the north which
progressively swing clockwise in strike, and which dip steeply to the NW along the north
coast (Figure 3-2, after Young et al., 1985, their Figures 3 and 5). In western
Flateyjarskagi, both dikes and flows show roughly similar amounts of clockwise
curvature to the north of the Gil-Látur line.
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Although the frequency of vein mineralization progressively increases northward
from the Gil-Látur line, we had noted that the northernmost part of the Flateyjarskagi
shear zone shows the greatest intensity of deformation involving veins, faults and
tectonic breccias (Young et al., 1985). Fjäder et al. (1994) recognized this same
intensively deformed zone of about 3-5 km width, bounded along the north coast, but did
not define their basis for delineating a southern boundary to this zone. They did not
recognize any regional crustal deformation to the south of this zone, and did not support
our interpretation of clockwise regional crustal tectonic rotations in northern
Flateyjarskagi. They interpreted the WNW dike trends along the north coast as primary
(original) and indicative of NE-SW extension across the TFZ.
However, the distribution of dikes throughout western Flateyjarskagi (Figure 3-1)
well illustrates the progressive clockwise swing in dike trends to the north of the GilLátur line. With only the single relevant interior site north of the road-accessible
Dalsmynni valley, Fjäder et al. (1994, their Figure 5) have not shown sufficient areal
distribution to their dike observations to have gleaned (or tested) the progressive pattern
shown in Young et al. (1985, their Figure 7).
In Young et al. (1985) we considered two hypotheses (1 and 2 listed earlier)
encompassing the notion that northern Flateyjarskagi dike trends might be largely
primary. We considered the hypothesis of a transform-ridge stress reorientation
producing a curved-stress field that in turn controlled the dike trends, requiring no
subsequent rotation. This hypothesis was similar to that presented in Fjäder et al. (1994)
but its test incorporated the full, regionally complete, areal distribution of dike trends
throughout Flateyjarskagi. One reason we tentatively rejected this hypothesis was
because the clockwise swing in dike trends thus implied a former rift-zone and transform
junction requiring right-lateral offset of the rift zones, with left-lateral slip along the
transform. There is no evidence for significant present or former displacements along the
TFZ other than right-lateral, consistent with the 100-km left-lateral offset of the northeast
Iceland rift zone from its offshore continuation along the Kolbeinsey Ridge.
Fjäder et al. (1994, pp. 113 and 115) noted that along the western coast from
Grenivík to Látur (their subprofiles F to H), from south to north, dike trends swing only
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4° clockwise, while associated lava strikes swing about 30° clockwise. Young et al.
(1985, their Figures 3, 5 and 7) had documented and interpreted these same observations.
Fjäder et al. (1994) interpreted these observations as indicating that in this locality the
change in lava strikes was primary and not due to subsequent tectonic rotations.
However, they concluded that the 0-110° clockwise reorientation of structural elements in
the northern peninsula is also primary. We emphasize that their 17-km long profile
between Grenivík and Látur is entirely to the south of the Gil-Látur line and thus is
outside of the Flateyjarskagi shear zone proposed by Young et al. (1985). The lack of
rotated dikes south of the Gil-Látur line is not surprising, given the data of Young et al.
(1985, their Figure 7), and it is certainly an insufficient logical basis for claiming the
absence of regional crustal rotations to the north of this line.
We also disagree with statements of Fjäder et al. (1994) that there is no crustal
deformation in rocks along their same 17-km profile, and inland from there. In their
Figure 5, profile C shows subparallel, NE mean trends of dikes and lavas – these lavas
dip about 28° NW. These rocks have undergone crustal deformation involving, at a
minimum, rotation components about subhorizontal axes that tilted both the flows and
dikes. Also, inland between Grenivík and Látur, the lava amygdules locally contain
chalcedony laminae tilted from 4-15° to the west (Young et al., 1985, their Figure 11).
Both the lava and chalcedony-laminae dip angles increase from south to north, as do the
total normal-fault separations in any transect. These tilts occurred during rotations about
subhorizontal axis components accompanying NNE-trending, rotational normal faulting
to the south of the Gil-Látur line. North of this line, chalcedony-laminae strikes swing
clockwise along with their flows, with maximum laminae dips of about 37° NW. All of
this data proves significant regional crustal deformation.
The aforementioned 30° clockwise change in flow strikes, south of the Gil-Látur
line, does not appear to be primary. While the dikes and chalcedony laminae demonstrate
that no significant subvertical-axis rotations have occurred in this region, the change in
lava strike is likely a manifestation of rotation about subhorizontal axes during rotational
normal faulting. These rotations about N-NNE-trending, subhorizontal axes have had
different effects on planar markers with different initial orientations. Given an original,
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roughly WNW-strike to the flows here, the northward increase in the amount of normalfault induced rotations has effectively rotated the flow strikes progressively clockwise,
while causing only minor changes in the trends of originally N-NNE-striking, subvertical
dikes. Consistent with this interpretation of rotational normal faulting is the statistically
significant, ~ 5° difference in mean dip angles for dikes between subprofiles F and H
cited in Fjäder et al. (1994, p. 113).
Along the north coast, a handful of cross-cutting relations consistently showed the
ENE-WNW-trending dikes are older than a subordinate, NNE-NE-trending dike set.
This NE set is roughly normal to bedding, suggesting both dike sets may have been
injected prior to the steep NW-tilting of the lavas. We described the presence of some
WNW-trending dikes that are very fresh and non-tectonized, but we emphasized that
these fresh WNW-trending dikes, and the NE-trending dike set, are a small component of
the total coastal dike volume. A few of the WNW-trending dikes show unaltered
tachylitic chill margins and clearly post-date deformation and alteration. However, the
rest of the dikes show the pervasive effects of burial alteration: glassy chill margins
show cryptocrystalline alteration to iron oxides and (typically) zeolites; olivine invariably
is partly or completely altered to iron oxides and/or iddingsite; and vugs are filled with
zeolites, quartz, chalcedony, and/or calcite. Most dikes show a similar degree of veining
to contiguous flows, while a few do not. This could represent a variable mechanical
response to the deformation as a result of, for example, grain size, or the influence of well
developed columnar joints. By far, most dikes show a similar degree of faulting and
alteration, and in many cases veining, to that in contiguous flows. Most of the northern
Flateyjarskagi dikes appear to have been tilted and tectonized along with the lavas.
Nevertheless, roughly northeast-southwest directed extension across some WNWtrending structures certainly has occurred; an impressive large-scale example of such
movements is the sediment-filled graben located just off the peninsula’s north coast
(Thors, 1983; Flovenz and Gunnarsson, 1991).
While Fjäder et al. (1994) repeatedly stated that they do not favor our rotation
hypothesis for rocks in northern Flateyjarskagi, on p. 116 they stated, “The irregularity in
attitude of lavas in the 3-5 km wide fault zone suggests that rotational deformation played
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a part in its tectonic evolution. Apparently, however, the magnitude of the rotation, about
steeply inclined axes, varied considerably along the Húsavík-Flatey fault. In some areas
the inferred rotation is over 100°; in others it is only 40°”. This statement seems
inconsistent with others in their paper, and they certainly did not address these rotations
in their subsequent interpretation of stress directions and stress history. It also is unclear
whether their paleostress analysis accounted for the steep lava dips in the northern
peninsula.
The key test of whether northern Flateyjarskagi rocks have been significantly
rotated about subvertical axes resides in paleomagnetic sampling and analysis. We have
reported (Orkan et al., 1984) preliminary paleomagnetic results strongly supportive of
maximum clockwise rotations of 110-120° based on core samples from north of the GilLátur line (Lútur, Ygla, and Lækjarvík-Víkurbakka) and using a sampled section from
south Flateyjarskagi as a control on the reference direction of the paleomagnetic field.
On the basis of this work, we are confident that any further paleomagnetic work in
northern Flateyjarskagi will generally confirm these rotations. The northern
Flateyjarskagi and Tjörnes localities comprise the only known regional occurrences of
ENE-WNW-striking Tertiary dikes in Iceland, and this orientation exists because the rock
masses that contain the dikes have undergone large clockwise rotations during TFZrelated shear. Paleostress field directions determined from structural elements in northern
Flateyjarskagi, and ignoring such rotations, are likely to be incorrect.
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Figure 3-1: Basaltic dike orientations in Flateyjarskagi. The Gil-Látur line is the hypothetical southern
boundary to the Flateyjarskagi shear zone. Note the abundance of ENE-WNW-trending dikes near the
Tjörnes Fracture Zone (TFZ) and the lack of dikes in the post-unconformity lavas (younger than ~ 6.5 Ma)
on the east side of the peninsula. We interpret the curvature in dike trends as largely due to tectonic
rotations, with some superposition of younger, non-rotated WNW-trending dikes near the north coast. The
intensities of dikes shown here do not rigorously reflect the actual intensities observed in the field. After
Young et al. (1985, their Figures 5 and 7).
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Figure 3-2: Lava flow orientations in Flateyjarskagi. The Gil-Látur line shown was first
determined by inspection of the dike orientations and then transferred to this figure. Note the
progressive change in strike and increase in dip angle for flows in the north and northwest parts of
the peninsula. The NNE-trending, heavy dashed line in the south marks the hingeline of a
monoclinal flexure. FCV, Flateyjardalur Central Volcano; NCV, Nattfaravík Central Volcano.
After Young et al. (1985, their Figures 3 and 5).

Chapter 4

Paleomagnetic and Structural Evidence for Large Tectonic Rotations Along
an Oceanic Transform Zone, North Iceland

Abstract
We provide the first direct confirmation of large distributed rotational shear along
an active transform within autochthonous oceanic crust, based on work along the Tjörnes
Fracture Zone, Iceland. Over an 11-km broad region, dike and bedding composite trends
show progressive northward clockwise curvature up to 110°, but a tectonic shear
interpretation for this curvature has been controversial. Paleomagnetic analyses of three
lava sequences in the zone of pronounced structural curvature indicate large clockwise
rotations about apparent vertical axes have occurred, 98°-113° at two sites, and 149°164° at the most deformed site, depending on the chosen reference declination.
Comparison of mesofracture orientations (n = 2041), from the southern and northern
parts of the study area, are consistent with and permissive of the shear zone hypothesis.
Regionally distributed shear deformation has been reported from many continental
transcurrent and transform settings, and from allochthonous oceanic crust in some
ophiolites, but there are few submarine analogs. North Iceland is a type-locality for these
unusually large tectonic rotations accomplished entirely by brittle deformation in a
subaerial oceanic setting. Icelandic crust is unusually thick for oceanic plates and the
transform-zone rheology may be more analogous to continental settings.

Introduction
Rotational deformations in broad bands adjacent to transform or transcurrent fault
zones, as revealed by structural and paleomagnetic studies, commonly reflect distributed,
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approximately simple shear at shallow crustal levels. Examples include the San Andreas
(e.g., Luyendyk, 1991), Alpine (Walcott, 1984) and Dead Sea (Ron, 1987) plate
boundaries, and ophiolites interpreted to include fossil transforms (Karson and Dewey,
1978; Morris et al., 1998). We previously proposed that regional structural curvatures
seen on land near the WNW-trending Tjörnes Fracture Zone (TFZ) of northern Iceland
reflect macroscopic rotations in a dominantly right-lateral strike-slip regime of
heterogeneous brittle shear (Young et al., 1985). My field work on the Flateyjarskagi
peninsula, between Eyjafjörður and Skjálfandi bay (Figure 4-1), demonstrated that lava
bedding, dikes, and a dike-parallel fault set display a progressive northward clockwise
change of trend (to a maximum of 110°) and steepening of lava dip angles to 15°-45° as
the transform is approached from the south.
These orientation changes occur in an 11-km wide WNW-trending zone
immediately south of the Húsavík-Flatey Fault (HFF), a major strike-slip structure within
the TFZ. Strongly faulted, fractured and vein-mineralized lavas of Miocene age outcrop
on land here and also on Tjörnes peninsula, directly east of Flateyjarskagi and north of
the HFF (see inset on Figure 4-1) (Sæmundsson, 1974; Young et al., 1985). The HFF
passes ~ 1 km offshore of Flateyjarskagi and marks a distinct age and structural
discontinuity. Ages of ~ 12-13+ Ma (Jancin et al., 1985) for tilted, zeolitized and crushed
lavas exposed at the northern end of the peninsula contrast markedly with flat-lying,
unaltered Pleistocene-age flows and sediments of Flatey island 1 km north of the HFF
(Figure 4-1), where a drill hole penetrated > 0.5 km of Pliocene/Pleistocene sediment
and lavas (Albertson and Eiríksson, 1988).
The shear-zone hypothesis of Young et al. (1985) has been debated at length
(Fjäder et al., 1994; Jancin et al., 1995; Guðmundsson and Fjäder, 1995; Bergerat et al.,
2000; Angelier et al., 2000; Bergerat and Angelier, 2008). Fjäder et al. (1994) proposed
that the northward clockwise curvature in flow strike-lines is primary, and that WNWtrending dikes (subparallel to the TFZ) occur only in exposures nearest the HFF as a
distinct spatial set compared to the predominantly NNE-trending dikes located to the
south. However, our field measurements of > 1000 dike orientations throughout the
peninsula indicate systematic curvature over a broad region (compare upper and lower
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orientation plots in Figure 4-2). Bergerat et al. (2000) supported macroscopic clockwise
rotations of as much as 60° in the 11-km wide shear zone of Young et al. (1985), but
noted also a younger unrotated set of transform-parallel dikes. In contrast, Angelier et al.
(2000) claimed there was neither large curvature to the regional dike composite trends
nor clockwise crustal rotations. The latter conclusion was also adopted by Garcia et al.
(2002).
To evaluate the macroscopic rotation model versus other working hypotheses, we
conducted paleomagnetic sampling on both Flateyjarskagi and Tjörnes. Here we present
details of this paleomagnetic study in Flateyjarskagi, and we conclude that the results
support large structural rotations within this distinctive tectonic setting. Tectonic analysis
of mesofractures in Flateyjarskagi is permissive of the shear zone hypothesis.

Paleomagnetic Sampling and Analysis
Four lava sequences were sampled for the analysis of paleomagnetic field
directions (Figure 4-1). Locality details are discussed in Appendix A. Sites of presumed
large rotation, based on geologic interpretation, were sampled in coastal outcrops near
Brettingsstaðir and on the flanks of the mountains Ygla and Lútur. Sampling at western
Dalsmynni valley is 15 km south of anomalously oriented dikes (Figure 2-2, Chapter 2 of
this dissertation shows the location of Dalsmynni on a topographic map of
Flateyjarskagi). Each locality consists of a stratigraphic section of sampled basaltic lava
flows and a few cross-cutting basaltic dikes. Three to four oriented core samples of 2.5
cm diameter were collected per flow or dike, using a portable rock drill. Cores sampled
the holocrystalline interior of each unit and were oriented in-situ using a clinometer and a
magnetic or sun compass.
Paleomagnetic field directions and intensities in 2.2 cm-length specimens were
measured using facilities at the Goddard Space Flight Center, Maryland, rock magnetism
laboratory. An alternating field (AF) demagnetization of 10 or 20 milliTesla (mT) was
determined to be optimum for removing low coercivity components. The characteristic
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remanent magnetization remaining after 10-20 mT AF demagnetization is interpreted to
have been locked in by cooling shortly after eruption or dike intrusion.
Tilt corrections for the paleomagnetic data are required at all sampling localities.
Regional lava dips of 2°-13° SSE to WSW are typical in the Tertiary south and west of
Flateyjarskagi (Sæmundsson et al., 1980; Garcia et al., 2008), and likely result from
burial subsidence during formation of the lava pile (e.g., Sæmundsson, 1974). In western
Dalsmynni, gentle bedding tilt to the SSW was corrected by a simple rotation about the
flow strike to restore lavas to a horizontal position. However, in northern Flateyjarskagi
near the HFF, planar rotational normal faulting imparted an additional tilt of 20°-40° to
lavas (Young et al., 1985, their Figure 6). This large second-stage tilting is confirmed by
similar steep dips of chalcedony laminations found in lava amygdules there (Young et al.,
1985). While a two-step tilt correction would be strictly appropriate at stations near the
HFF, fault-controlled tilting here dominates over that produced by burial. A simple
single-step bedding tilt correction was therefore applied at all stations. Tilt corrections
are summarized in Table 4-1 and discussed later regarding kinematic analysis of the
Brettingsstaðir site.
Following bedding corrections, mean field directions and 95% cones of confidence
(with radius α95) were obtained for each flow or dike by averaging individual sample data
according to the method of Fisher (1953). Virtual geomagnetic poles (VGP) for each
sampled unit were then obtained from the mean magnetic field directions. Flows or dikes
with α95 > 23.5° are considered to have unacceptably large cones of confidence and were
omitted from further statistical analysis, as were units bearing VGP latitudes < 40°
because they may represent a transitional, rather than a normal or reverse, paleomagnetic
field (Kristjánsson and McDougall, 1982). These statistical rejection criteria are arbitrary
but have often been cited in studies of Icelandic paleomagnetism. Uncertainties at the
95% confidence level in mean declinations and inclinations were derived using the
method of Demarest (1983). Full summary results are shown in Table 4-1.
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Reference Paleomagnetic Field Directions
Icelandic paleomagnetic field directions averaged for the mid-Miocene to
Pliocene tend to be generally clockwise of true north (right-handed) and exhibit shallower
inclinations (far-sided) than would be expected for the latitudinal position of Iceland,
given the assumption of an axial geocentric dipole field. Field directions obtained from
basaltic lavas on the Tröllaskagi peninsula, immediately west of Flateyjarskagi (the
westernmost peninsula in the inset to Figure 4-1), provide a good example of such
behavior. A 4930-m thick composite section here comprising 292 sampled flows and
spanning the approximate time 9-12 Ma yields an overall mean paleomagnetic field
declination D = 13° ± 6.4°, inclination I = 75° ± 1.6°, and α95 = 2.1°, when high α95 and
low-latitude VGP flows are omitted from the statistical results (recalculated from
Sæmundsson et al., 1980 using our rejection criteria; see Appendix B). We accept these
data as characteristic for the 9-12 Ma time period adjacent to Flateyjarskagi, and
therefore use these values as our most robust regional reference field direction (Figure 43) in assessing whether our paleomagnetic results support shear zone rotations. However,
our sampled lavas in northern Flateyjarskagi are ~ 13-13.5 Ma (see Appendix A); they
comprise the oldest rocks in north Iceland and thus are older than the oldest flows in
Tröllaskagi. Throughout Iceland’s spreading history of ~ 26 Ma (Bott, 1985) the
spreading direction has remained very close to WNW-ESE in trend, indicating that
paleomagnetic inclinations should vary little when averaged over long periods time. The
oldest exposed rocks in eastern Iceland (~ 13 Ma) and the northwestern peninsula (~ 1516 Ma) are sufficiently far from Flateyjarskagi that their long-term average
paleomagnetic declinations would not be directly applicable to the rotation analyses in
this paper.
In addition, a total of 22 flows were sampled in western Dalsmynni valley where
dikes are subparallel to the NNE-trending regional structural grain of northern Iceland.
For 17 flows passing the α95 and latitude criteria, we found mean declination D = 28° ±
24°, I = 72° ± 7.1°, and α95 = 9.1°, following a 5° bedding correction (Table 4-1; Figure
4-3). The standard deviation of declination is large and with the 95% confidence interval
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considered, these results marginally encompass the Tröllaskagi reference direction
(Figure 4-3) but appear inherently more right-handed. Our structural and stratigraphic
observations in the Dalsmynni area exclude significant strike-slip displacement along the
valley and there have been no large tectonic rotations about steeply plunging axes (Jancin
et al., 1981). The Dalsmynni section comprises a time span from ~ 10-11 Ma (see
Appendix A), and we use these results as an alternate reference direction that yields a
lower-bound rotation estimate.

Paleomagnetic Results from Deformed Areas
At Lútur (Figure 4-1) 15 out of 20 flows passed the statistical rejection criteria.
After a bedding correction of 033°/30°NW they averaged to D = 126° ± 26°, I = 73° ±
6.4°, α95 = 8.3° (Table 4-1), suggesting a significant clockwise tectonic rotation. In the
simplest view of shear deformation with a vertical axis of rotation, and calculating
confidence limits based on the method of Demarest (1983), the results suggest a
clockwise rotation of 113° ± 27° when compared to the Tröllaskagi reference direction, or
98° ± 35° rotation compared to Dalsmynni.
Low latitude VGP directions caused rejection of 18 of the 33 flows sampled at Ygla
(Figure 4-1). The remaining flows yielded mean values of D = 126° ± 17°, I = 71° ±
5.5°, α95 = 7.0°, that are statistically identical to those calculated for the Lútur sequence,
following a bedding correction of 034°/37°NW (Table 4-1). Assuming the simple case
of shear deformation about a vertical axis of rotation, the magnetic results suggest a
clockwise rotation of 113° ± 18° with respect to Tröllaskagi, or 98° ± 29° compared to
Dalsmynni.
Of the 31 flows and 8 dikes sampled near Brettingsstaðir (Figure 4-1), we rejected
11 flows from further analysis. The coastal lava pile here is highly fractured and faulted,
with relatively coherent blocks of rock tens to hundreds of meters in dimension separated
by zones of intense fracturing, shearing, and mineralization (Young et al., 1985; Fjäder et
al., 1994; Bergerat et al., 2000; Karson et al., 2004). Lava flow attitudes vary locally by
as much as 40° in strike and 18° in dip within and between eight coherent blocks
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recognized during sampling. This variation complicates the bedding correction, and we
thus used two alternate methods. In one, a single weighted mean correction for the
locality was applied (060°/31°NW), based on the average flow attitude from the faultbounded blocks. We also applied bedding corrections to each individual structural
block. The two methods yielded statistically insignificant differences at 95% confidence,
though block-specific bedding corrections resulted in a slightly tighter clustering of data.
The calculated declination results (block-specific bedding corrections) are notably
southerly, with flows having D = 177° ± 38°, I = 76° ± 8.4°, α95 = 11° for 20 flows
meeting the rejection criteria, and 8 dikes of mean orientation 114°/75°SW having D =
211° ± 41°, I = 72° ± 12°, α95 = 15° (Table 4-1). The lavas imply a clockwise rotation of
164° ± 39° with respect to Tröllaskagi, or 149° ± 45° compared to Dalsmynni.
Our unpublished Tjörnes paleomagnetic data suggest similar rotations in Tertiary
rocks exposed on land to the north of the HFF; e.g., at the western coastal sampling
locality of Bakka (1.5-3 km north of the HFF at Húsavík) the mean flow paleomagnetic
declination is 165° ± 26°. These results, combined with the dominance of dikes oriented
090°-130° in all Tertiary exposures on Tjörnes (Young et al., 1985, their Figure 10),
suggest that a ~ 20-km wide zone of shear and rotation, encompassing the Miocene
Tjörnes block and northern Flateyjarskagi, characterized distributed brittle TFZ
deformation.

Analysis of Mesoscopic Structural Elements

Dikes Throughout the Peninsula
Appendix D provides further analysis of mesoscopic structural elements – key
results are summarized next.
The orientations of dikes to the south of the inferred shear zone define a tight pole
maximum on the stereonet plot (Figure 4-2a; n = 588), which is subhorizontal and
WNW-trending. The mean dike orientation is 010°/88°E, which is characteristic of the
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Tertiary basalt piles throughout northern Iceland. This mean dike orientation (determined
using Bingham axial distribution statistics) is consistent with regional WNW-trending,
subhorizontal extension. The orientations of dikes from within the inferred shear zone
(Figure 4-2c; n = 482) are markedly different. The contoured poles define a girdle-like
pattern trending WSW-ENE that contains multiple maxima.
The contrasting orientation distributions of dikes in Figure 4-2 are consistent with
the shear zone hypothesis, though as standalone evidence they do not “prove” it. The
skewness of the distribution in Figure 4-2c matches the inferred swing in orientation
recorded by our field mapping (Figure 4-1). If these northern peninsula rocks have been
tectonically rotated about apparent vertical axes, then the NE-trending poles in the
stereonet plot may represent the presence of originally NNE-trending dikes (with WNWtrending poles) found in the southern area of the peninsula that have undergone the full
amount of rotation. The same inference can be applied to comparison of the longest rose
petals (i.e., the highest frequency mode) in Figures 4-2b and 4-2d.
It is possible that episodes of dike injection occurred during and after the rock
mass rotations in the shear zone. We have recognized a relatively small number of fresh,
unaltered dikes trending WNW near the northern coast, which we infer to have been
injected after the deformation that fractured and crushed the surrounding rock mass. By
far, most of the WNW-trending dikes appear to pre-date the intense brittle deformation in
the northern part of the inferred shear zone. A small number of cross-cutting
relationships observed near the north coast indicate that locally NE-trending, subvertical
dikes post-date the emplacement of WNW-trending dikes. Infrequent WNW-trending,
subvertical dikes also occur to the south of our proposed Flateyjarskagi shear zone and to
the west in Tröllaskagi (Sæmundsson et al., 1980). The limited number of radiometric
dates from dikes are discussed later in this paper.

Non-Dike Mesofractures
We also measured the orientations of non-dike extension fractures, fault planes,
and fault striae, from the southern part of the field area in Dalsmynni and from the
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“northern sea cliff” exposures in the northernmost part of the inferred shear zone (located
in Appendix D). The amount of net slip along the fault planes was often indeterminate.
Most of the measured faults have throws less than 5 m and meet the definition of
mesofaults by Hancock (1985). Extension fractures and faults are typically mineralized
veins containing zeolites, quartz, or calcite.
The dike orientations measured in this study cover a very large area comprising
virtually the entire older, pre-flexure age basalt pile within the peninsula (Jancin et al.,
1985), excluding those cutting Flateyjardalur Central Volcano acid rocks (Figure 4-1)
(where dikes characteristically have erratic attitudes) while including Hrísey island in
Eyjafjörður. The other mesofractures were measured in much smaller areas.
Extension fractures in Dalsmynni show a primary set trending NNE with
subvertical dips. The orientation of this primary mode of the extension-fracture system is
subparallel to the primary modes of the fault system and the southern-area dikes (latter in
Figure 4-2b). This indicates that all three of these structural elements formed under
similarly oriented regional paleostress fields involving WNW-ESE extension. This
relationship also suggests that most of the faults originated as extension fractures that
later underwent shear displacements. Fault striae orientations indicate that most faults in
Dalsmynni underwent dip-slip or oblique-slip motions.
Contoured poles to extension fractures along the northern sea cliffs are plotted in
Appendix D, Figure D4-2d. The contoured extension fracture pole plot is crudely
similar to the plot of dikes present within the inferred shear zone (Figure 4-2c), and some
of the maxima in both plots are subparallel. This observation is interesting given that the
dike plot represents measurements over a much larger area than that associated with the
extension fracture plot. If these northern coast rocks have been tectonically rotated about
apparent subvertical axes, then the NE-trending pole maximum in the extension-fracture
plot may represent the presence of originally NNE-trending extension fracture planes
(such as are found in Dalsmynni, although the rocks in Dalsmynni are significantly
younger than those along the northern sea cliffs). The very high density of extension
fractures along the northern sea cliffs indicates that many new extension fractures (and
faults) also developed during the intensive deformation of the rock mass.
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Fault striae along the northern sea cliffs comprise a broad distribution of strikeslip, oblique-slip, and dip-slip faults. The fault-slip data are kinematically highly
heterogeneous, indicating there were multiple stages of fault paleostress regimes.
Kinematic analysis is not possible without separating the fault-slip data into mechanically
consistent subsets (which is not done here). Many of the faults have striae indicating
strike-slip movements: the statistical mean fault striation has an orientation of 065°, 25°.
The mean fault orientation of 053°/69°SE strikes 12° away from the mean striation
azimuth, and both are subparallel with the local strikes of bedding.
The fault orientations are consistent with the hypothesis that faults from the
southern area have been rotated, and presumably reactivated, during shear-zone
deformation in the north. The very high density of faults along the northern sea cliffs
indicates that many new faults also developed during the intensive deformation of the
rock mass. These mesofault orientations share a common geometric axis that is
approximately normal to the local bedding orientation, suggesting that much of the
faulting may have occurred prior to the NW tilting of the flows.
In summary, the orientations of mesofractures within the inferred shear zone are
more complex than those found in southern Flateyjarskagi (including Dalsmynni). There
is a much greater range of fracture and fault striae orientations in northern Flateyjarskagi.
Mutually cross-cutting relationships observed for the extension fractures and faults in the
northern area do not allow determination of the relative ages of formation of the various
fracture sets and systems shown on the stereonet pole plots and rose diagrams. The
orientations of fractures in the north are consistent with the shear-zone hypothesis, but the
fractures and vein fillings do not reveal the coordinate reference frame in which they
formed. If the shear-zone hypothesis is correct, then many different coordinate reference
frames are tied to the fracture populations. This suggests that fault-slip analyses and
paleostress-field direction reconstructions accomplished by other workers, based on
fractures in the northern area (especially near the north coast), are very likely in error
because of the assumption of a fixed coordinate reference frame (i.e., the present
coordinate reference frame). Timing of mesofracture development along the northern sea
cliffs is discussed in Appendix D.
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Analysis of Tectonic Rotations
The paleomagnetic analyses support the hypothesis of Young et al. (1985) that
major clockwise apparent vertical-axis rotations of the basaltic lava pile have occurred
along the TFZ. Paleomagnetic results from sites < 5 km S of the HFF at Lútur and Ygla
give nearly identical 126° declinations and suggest apparent vertical-axis rotations of 98°
to 113°, depending on the reference. Dikes here trend ~ E-W as part of the pronounced
deflection in dike trends < 11 km S of the HFF (Figure 4-1; Figures 4-2a, 4-2c). Flows
from Brettingsstaðir, < 1km S of the HFF, show southerly declination. Eight WNWtrending dikes yield statistically similar southerly results, suggesting that deformation
experienced by at least some dikes of the TFZ-parallel trend has been similar to that of
the lava pile.
The progressive deflection of dike trends throughout northern Flateyjarskagi thus
can serve as a separate quantitative estimate of vertical-axis rotation. Mean dike attitudes
matching the regional deflection at Lútur, Ygla, and Brettingsstaðir are 089°/75° SE,
101°/75°SW, and 114°/75°SW, respectively. As we infer most dikes predate most of the
megascopic normal-fault related tilting, we applied the same bedding correction to the
dike data as that used for the flows. Using our mean regional dike trend of 010° as a
reference (based on the population shown in Figure 4-2a), we obtain clockwise verticalaxis rotation estimates of 76° at Lútur (13 dikes), 91° at Ygla (3 dikes), and 102° at
Brettingsstaðir (8 dikes).
There is a discrepancy between apparent vertical-axis rotations based on dike
orientations (76°-102°) and those based on the paleomagnetic data (113°-164° or 98°149°, using the Tröllaskagi or Dalsmynni mean field directions, respectively). Rotations
suggested by southeast to southerly declinations in northern Flateyjarskagi exceed those
suggested by dikes, assuming simple strike-slip shear with a vertical axis of rotation.
Possible reasons for this discrepancy are: (1) some dikes were emplaced after the lavas
had been partly rotated; (2) secular variation has influenced the paleomagnetic results;
and (3) paleomagnetic declinations show apparent over-rotations that reflect an
incremental strain history more complicated than assumed in the bedding corrections.
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The main discrepancy occurs for the extremely deformed Brettingsstaðir locality, where
the complete tectonic history is difficult to unravel.
Possibility #1 above cannot strictly be ruled out, although the few dikes sampled
paleomagnetically yield results similar to the lavas (Figure 4-3). South of the inferred
shear zone dikes have regional NNE trends and are subvertical (Figure 4-2a). Within the
inferred shear zone dike trends swing strongly clockwise (Figure 4-2c), consistent with
the map view (Figure 4-1), yet maintain mean attitudes within 5° of perpendicular to
increasingly tilted flows. At Lútur and Ygla, for example, mean dihedral angles for dikes
and flows are 88° and 87°, respectively. The subperpendicular relations strongly suggest
that most dikes were intruded prior to the majority of rotational normal faulting. We note
that it is inherently difficult to infer, on the basis of geometry alone, the amount of tilting
undergone by dikes that strike subparallel to the dip direction of the flows with dihedral
angles of ~ 90°.
Based on our analysis of long-term secular variation (see Appendix C), we
conclude this factor possibly accounts for ± 30° variation in declination for our
Flateyjarskagi sections.
Use of lava stratification in a single-step tilt correction is surely an
oversimplification. Analysis should ideally consider the full kinematic history involving
burial, subsidence and normal faulting during crustal accretion, and all tectonic rotations
in the transform zone. The actual sequences of fault-related tilts are unknown. In
principle, the final deformed states could have developed by an infinite number of
sequential tilts or fault rotational paths.
Insight into plausible sequential rotations of the rock mass is provided by an
analysis of the large apparent over-rotation of the mean flow declination at
Brettingsstaðir (D = 177° ± 38°). We analyzed this by forward stereonet modeling
(Figure 4-4) based on our regional conceptual model for fault-related kinematic
evolution in Flateyjarskagi (Young et al., 1985; their Figures 12, 13, and 15). The
forward model incorporates the field observation that normal faults striking 010º to 050º
accommodate lava pile tilting up to 40º, and most large normal fault throws have
occurred relatively late in the shear zone development. In a step-wise application of
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stereonet rotations shown in Figure 4-4, an initial fault striking 010º is first subjected to a
clockwise vertical axis rotation of 20º (with that fault undergoing left-lateral antithetic
slip), followed by normal fault rotation of 5º (early steps) or 10º (later steps) on what is
now a fault striking at 030º. In the subsequent step, an additional 20º of vertical axis
rotation brings the fault to 050º. Further vertical-axis rotation in subsequent steps
frictionally locks the 050º fault set from further displacement, and a new set forms at a
more favorable 010º orientation.
An initial paleomagnetic field reference direction of D = 13°, I = 75° N was
subjected to the same idealized sequential rotations in Figure 4-4 comprising counterclockwise horizontal-axis rotations totaling 40° and clockwise vertical-axis rotations
totaling 100°, followed by two alternate bedding corrections. This results in alternate
final declinations of 142° and 180°, demonstrating over-rotations of 42° and 80°,
respectively, with respect to the applied vertical-axis rotation of 100º. These calculated
over-rotations, due to superposed normal faulting, are similar in magnitude to those
observed.
Figure 4-4 also shows a dike subjected to the same sequential rotations. Our initial
dike orientation of 010°/88°E (mean dike for the population in Figure 4-2a) attains
120°/63°SW prior to bedding correction (~ 110° apparent clockwise rotation), or
106°/73°SW after a bedding correction of 040°/35°NW (~ 96° apparent clockwise
rotation). In summary, forward rotational fault path modeling shows that paleomagnetic
declinations are sensitive to over-rotation by a simple bedding correction, while the dikes
are relatively insensitive, suggesting dikes can serve as semi-quantitative measures of the
magnitude of the strike-slip component of rotation. Further discussion of the forward
stereonet modeling is provided in Appendix D.

Poorly Constrained Dike Ages
The main arguments for large shear rotations have been developed using the
following lines of evidence: (1) regional curvature of the structural grain in northern
Flateyjarskagi, and (2) large deviations, in the northernmost part of the peninsula, from
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NNE-trending paleomagnetic reference directions. The first approach may be viewed as
invoking the simplifying assumption that dikes throughout the peninsula are of
approximately the same age (though this is not strictly required by the Flateyjarskagi
shear zone hypothesis). However, we have no direct evidence to support this assumption.
We have measured K/Ar ages from three NNE-trending dikes in Dalsmynni
valley in southern Flateyjarskagi (Jancin et al., 1985; see Figure 2-2 and Table 2-2 of
this dissertation): 6.9 ± 0.8 Ma from a subvertical dike adjacent to the stratigraphic
section that we paleomagnetically sampled for the present study, in western Dalsmynni to
the west of the flexure axis shown in Figure 4-1; and 7.5 ± 0.5 Ma and 5.0 ± 0.7 Ma from
two subvertical dikes cutting SE-dipping flexured lavas, in eastern Dalsmynni to the east
of the flexure axis. All of these dikes are interpreted to be post-flexure in age and they
are significantly younger than the flows they cut. We observed a total of eight NNEtrending, subvertical dikes within the east Dalsmynni flexure zone; they appear fresher in
outcrop than the more numerous bedding-perpendicular dikes in this area that have dips
of ~ 65° NW. Observations of dikes feeding individual overlying lavas are uncommon in
Flateyjarskagi though such a relationship has often been inferred in the Tertiary flood
basalt piles of Iceland, based on the expectation that dikes and surrounding flows might
generally be approximately coeval. Garcia et al. (2003) measured Ar40/Ar39 ages from
four dikes along the northern coast of Flateyjarskagi, yielding dates ranging from ~ 6 to 8
Ma. Accepting the dates for these dikes (striking 295°, 305°, 332°, and 040°) means they
are much younger than the flows they cut.
All these data suggest caution in assuming that most dikes are roughly coeval
with the flows they cut in Flateyjarskagi. However, this potential limitation to our
analysis is mitigated by the observation that over the 11-km wide zone of structural
curvature in northern Flateyjarskagi, the total amount of clockwise reorientation of the
overall dike trends (~ 110°) is similar to the total amount of clockwise reorientation
shown by the trends of contiguous lava bedding.
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Implications on the Tectonics of North Iceland
Paleomagnetic analyses of Flateyjarskagi lavas strongly support the interpretation
(Young et al., 1985; Jancin et al., 1995) that structural curvature within the Tertiary basalt
pile reflects tectonic rotations under right-lateral transform shear. Alternative
interpretations to Young et al. (1985) have been proposed. Fjäder et al. (1994) and
Guðmundsson and Fjäder (1995) disagreed with the Flateyjarskagi shear-zone
hypothesis; the former authors stated that there was no regional dike curvature while the
latter authors proposed that the dike trends originated in a curved primary stress field.
Both groups of authors stated that any regional curvature of lava strikes in Flateyjarskagi
is primary, an interpretation refuted by our mapping of rotational normal faults and tilted
chalcedony amygdules (Young et al., 1985; Jancin et al., 1995).
Guðmundsson and Fjäder (1995, their Figure 2) developed a stress trajectory
model of a hypothetical, idealized, orthogonal ridge-transform-ridge system with leftlateral offset. Their southern ridge represented an extinct spreading ridge along
Eyjafjörður, to the east of which the potential dikes could follow curved stress
trajectories. They claimed that their Figure 2 thus accounted for the clockwise bending
of dike trends in Flateyjarskagi. We regard the Guðmundsson and Fjäder argument as ad
hoc and deficient; there is no structural or stratigraphic evidence for their proposed
Eyjafjörður axial rift zone, and the stress trajectory argument is refuted by our
paleomagnetic results.
Interestingly, investigations of regionally curved dike trends in the Troodos
ophiolite (Cyprus) generated a similar debate to that described above. For example,
Simonian and Gass (1978) hypothesized primary dike injection into a sigmoidal stress
field along a left-lateral transform fault, while paleomagnetic and structural arguments
(Bonhommet et al., 1988; Gass et al., 1994) indicated clockwise dike rotations about
vertical axes from right-lateral shear. Although the controversy continued (e.g.,
MacLeod and Murton, 1995), the brunt of paleomagnetic and structural data for the fossil
Southern Troodos Transform Zone have supported large right-lateral rotations (e.g.,
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Allerton and Vine, 1992; Morris et al., 1998). These rotations occur over a brittledeformation zone ~ 10 km wide, similar to Flateyjarskagi.
Estimates of rotation must be integrated with the kinematic history suggested by
structures observed in the field. Paleostress directions reconstructed from outcrop faultslip data should not assume identical fixed coordinate reference frames, where rotations
are possible near a master fault such as the HFF. Such an assumption, adopted by several
researchers on HFF-proximal tectonics, is of suspect validity. Our analysis of
mesofracture orientations from southern and northern Flateyjarskagi indicates that the
orientation patterns in the northern area are consistent with, and bolster, the shear-zone
hypothesis.
This investigation provides the first direct confirmation of major distributed
rotational shear deformation (~ 100°) along an active transform within autochthonous
oceanic crust. Examples of regionally distributed shear deformation have been reported
from many continental transcurrent and transform settings, and from allochthonous
oceanic crust in some ophiolites. In addition to the Troodos ophiolite, regional shear
deformation has been reported from the ophiolite in the Bay of Islands region of western
Newfoundland (Karson, 1984; 1987).
Curved seafloor fabric in deep oceans has been observed in association with
propagating rifts and overlapping spreading segments on fast-spreading ridges (e.g.,
Kleinrock and Hey, 1989; Wilson, 1990), and compressional intraplate deformation (e.g.,
Wilson, 1988). However, major transforms are not associated with these features and the
related structures usually curve in the direction of ridge offset (versus curvature in
northern Flateyjarskagi that is away from the direction of ridge offset).
To our knowledge, the first description of “reversed” curvature of tectonic fabric
along the seafloor was from sidescan radar studies near the Bullard fracture zone along
the South American-Antarctic Ridge (Livermore et al., 1991). This curvature, of
opposite sense to the direction of ridge offsets, apparently resulted from post-accretion
rotational fault-block deformation caused by the transmission of shear stresses across
transforms that went into transpressional regimes during an early Miocene change in
spreading direction. Distributed shear along the Clipperton and Pitman transforms
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caused ridge-parallel abyssal hills to curve ~ 20º (Sonder and Pockalny, 1999). We are
not aware of other good submarine analogs to the Flateyjarskagi shear zone.
Sæmundsson (1974) proposed that spreading along the northeast Iceland axial rift
zone (now called the Northern Volcanic Zone or NVZ) started in conjunction with a
major eastward jump of the rift zone ~ 4 Ma, at which time the TFZ developed. Jancin et
al. (1985) reviewed the evidence for initiation of the Flateyjarskagi shear zone
deformation ~ 9.5 Ma, which apparently formed in conjunction with spreading along a
forerunner of the NVZ. Along the latitude of Flateyjarskagi, this “proto-“ NVZ was
apparently largely amagmatic from ~ 9.5 to 7 Ma, after which buildup of a major younger
basalt pile in this area started. In northern Flateyjarskagi, this amagmatic period
apparently coincided with (1) the large tectonic rotations about subvertical axes, and (2)
the imposition of the steep NW lava dips that are associated with large rotational normal
faulting that reflects regional extensional strain of ~ 13% along a WNW-ESE direction
(see Young et al., 1985, their Figure 6, northern cross-section line A-A’).
In this conceptual model for the volcano-tectonic evolution of north Iceland, dual
N-trending spreading zones occurred in north Iceland from ~ 15 to 7 Ma, along the
Snæfellsnes-Húnaflói axial rift zone and the proto-NVZ (separated by ~ 130 km at 7 Ma).
After approximately 7 Ma, spreading reorganized in north Iceland and occurred primarily
along the NVZ, along which it continues to present. On the basis of marine magnetic
isochrons and insular margin structure, Bott (1985) proposed that such dual spreading in
north Iceland started at ~ 26 Ma. The TFZ may be a very long-lived transform zone that
started ~ 26 Ma, sharing characteristics with a highly oblique rift zone. We presently
cannot be conclusive on this matter, which is discussed further in Chapter 5 of this
dissertation.
Allerton (1989) suggested that the shear rotation of Troodos ophiolite dikes may
have occurred in proximity to an inside corner of a ridge-transform intersection while the
crust was young, hot and weak. His theoretical model of deformation suggested that the
strength of the lithosphere should increase rapidly as it moves away from the spreading
axis and cools, and it should soon become too rigid to accommodate large strains by fault
block rotation. This model predicted very rapid rotation rates of 100° in 104 to 105 years.
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If the large clockwise rotations in northern Flateyjarskagi were imparted between ~ 9.5 to
7 Ma, then the maximum rotation rate would have equated to ~ 100° in 2.5 x 106 years.
This is slower than Allerton’s hypothetical rate but still an extremely fast tectonic
rotation rate (see Young et al., 1985, for further discussion of conceptual models for such
large rotations).
Sæmundsson (1974) proposed that a major eastward ridge jump initiated the NVZ
and TFZ within relatively old and thick oceanic lithosphere. As discussed earlier, an
alternative model has been proposed by Jancin et al. (1985) in which TFZ shear rotation
within exposed bedrock was caused by spreading along a proto-NVZ that was one of two
parallel, coeval spreading zones in north Iceland (the westernmost of which later became
extinct). Historic TFZ conceptual models are complicated by the inferred presence of
oceanic crust as old ~ 26-37 Ma that is buried by the younger subaerial lavas to the west
of the NVZ (Foulger, 2006), and the large area of approximately E-W trending lava
isochrons that occur in this same region (Jancin et al., 1985; Jancin, 1985). Such
isochrons are subparallel to presumed plate flow lines; in other areas of Iceland, as along
the crust flanking most submarine spreading ridges, isochrons are approximately
perpendicular to plate flow lines.

Conclusions
Paleomagnetic analyses provide direct confirmation of large tectonic rotations
along the southern margin of the Tjörnes Fracture Zone, north central Iceland. Dike and
bedding composite trends in Flateyjarskagi show progressive, northward clockwise
curvature up to 110°. Within this area of structural curvature, paleomagnetic analyses of
three lava sequences indicate that clockwise rotations about apparent vertical axes range
from 98°-113° at two sites, and 149°-164° at the most deformed site, depending on the
chosen reference declination. Rotational normal faulting in north Flateyjarskagi has
caused NW lava dips of 30°-45°. Kinematic stereonet modeling suggests that the
idealized, incremental combination of clockwise rotations about vertical axes, with
normal fault rotations about horizontal axes, can lead to the apparent “over rotation” of
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the paleomagnetic declinations by ~ 40°-80°. This potential issue is geometrically tied to
the steep inclinations (e.g., 75°) of the associated paleomagnetic reference field directions
associated with Iceland’s latitude.
This transform-zone regional shearing has been accomplished by brittle
deformation. Near the northern coast the rocks are intensively veined, crushed, and
faulted. More than 2000 mesofracture attitudes have been measured, comprising dikes,
non-dike extension fractures, and faults. There is a much greater range of fracture and
fault striae orientations in northern Flateyjarskagi. Comparisons of the fracture
orientations from the southern and northern parts of the peninsula are consistent with and
permissive of the shear zone hypothesis.
This investigation provides the first direct confirmation of major distributed
rotational shear deformation (~ 100°) along an active transform within autochthonous
oceanic crust. Examples of regionally distributed shear deformation have been reported
from many continental transcurrent and transform settings, and from allochthonous
oceanic crust in some ophiolites. Indirect evidence of rotational shearing along in-situ
oceanic crust has been reported along the Bullard fracture zone and the Clipperton and
Pitman transforms, but such deformation along oceanic transforms appears to be rare.
Flateyjarskagi may represent a type-locality of a special structural style and setting.
Iceland’s oceanic crust is unusually thick (e.g., Brandsdóttir and Menke, 2008) and the
transform-zone rheology may be more analogous to continental than to conventional
oceanic settings.
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Chapter 4 -- Appendix A
Description of Paleomagnetic Sampling Localities and Stratigraphy
Dalsmynni. From a larger flood basalt sequence of ~ 10-11.5 Ma age (Jancin et
al., 1985), a total of 22 flows were sampled from the west end of the valley along the
tributary Kergil gorge (see Appendix A Figure 4A-1, below). We estimate an eruption
frequency of one flow every 16,000 years, equating to a paleomagnetically sampled time
interval of 350,000 years in this study. Dike trends in the area average 005o, roughly
parallel to the average regional trend of about 010o for the Tertiary of northern Iceland,
including the southern part of Flateyjarskagi (Figure 4-2a). The locality appears
representative for paleomagnetic sampling of a lava pile unaffected by tectonic
movements subsequent to volcanic zone burial and subsidence.
Lútur. 20 flood basalt lavas in stratigraphic sequence were sampled on the
northeastern flank of Lútur in northern Flateyjarskagi (Figure 4A-1). K/Ar and Ar40/Ar39
age dates (Jancin et al., 1985; K. Young, unpublished data), combined with detailed
geological mapping and a Flateyjarskagi composite section (K. Young, unpublished data)
suggest these rocks straddle the C5AAr-C5ABn boundary of the geomagnetic polarity
timescale, corresponding to an age of ~ 13.4 Ma (Lourens et al., 2004). We have
estimated an average accumulation rate of approximately one flow every 15,000 years for
lavas in the lower portion of the Flateyjarskagi composite section (north end of the
peninsula), suggesting the Lútur sampling spans roughly 300,000 years of eruptive
history. Some flow contacts in the Lútur sequence lack sedimentary intercalations
suggesting relatively more rapid eruption for parts of the sequence.
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A flow orientation of 033°/30°NW in the Lútur area illustrates the markedly steep
NW dip of the basalt lava pile exposed on land near the HFF (see main text Figure 4-1).
Basalt dikes cutting through the lava pile here trend on average 089º, suggesting a firstorder estimate of tectonic rotation 79º clockwise from the inferred original mean trend of
010o.
Ygla. 33 basalt lavas and 2 dikes were sampled on the east ridge of Ygla (Figure
A4-1), forming a stratigraphic section 615 m thick. The basal 7 flows are coeval with the
top of the Lútur section. Assuming a correct tie to the geomagnetic polarity time scale
and respective age bounds of 13.02 and 13.37 Ma for the tops of C5AAn and C5ABn
(Lourens et al., 2004), an eruption frequency of one flow every 16,000 years over roughly
500,000 years is estimated for the Ygla section. Orientation of the lava pile is
034°/37°NW, similar to that measured at Lútur. Dike trends average 101º, slightly more
clockwise than that observed near the Lútur site.
Brettingsstaðir. A 2.7 km coastal traverse along sea cliffs north of the former
farm site of Brettingsstaðir provided samples from 31 lavas and 8 dikes exposed less than
one kilometer from the HFF (Figure 4A-1). Seven of the sampled dikes were of general
WNW trend, averaging 114º/75ºS. Extensive faulting, fracturing, and zeolite-facies vein
alteration, as well as discontinuous outcrop, strongly disrupt the stratigraphic continuity
and prevent correlations. Flow orientations strike from 031°-082° with dips 25°-39° NW.
Strike variation to a significant degree reflects heterogeneous displacement of faultbounded blocks at the scale of 10’s to 100’s of meters.
Paleomagnetic sampling traversed seven of these uncorrelatable fault-bounded
blocks, many of them having only one or two flows in succession. An eighth packet of
basalt lavas some 160 m in stratigraphic thickness was sampled that has sufficiently
distinctive plagioclase-phyric content and magnetic polarity to suggest a likely
correlation to lavas found 100-200 m beneath the Lútur section. The latter are tentatively
correlated to C5ABn (13.4-13.6 Ma) of the geomagnetic polarity time scale (Lourens et
al., 2004).
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Figure A4-1. Detailed locations of the paleomagnetic traverses at the sites Dalsmynni,
Lútur, Ygla, and Brettingsstaðir, as shown in Figure 4-1 of the main text. Coordinates
are UTM Zones 27 and 28, Hjorsey 1955 datum. Note that the site Ygla straddles Zones
27 and 28. Grid spacing is 1 km.
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Chapter 4 -- Appendix B
Flows From Sæmundsson et al. (1980) Used to Calculate the Tröllaskagi
Paleomagnetic Field Reference Direction
Table B4-1: Flows used to calculate a paleomagnetic reference direction from the
composite Tröllaskagi stratigraphic section of Sæmundsson et al. (1980)
Section
Name

Flows in
Composite Section

Flows Rejected¹

Ólafsfjarðarmúli
Kerahnjúkur
Steindyr
Kerling
Heljarfjall
Hólabyrða
Sólheimafjall
Bakkadalur

PA02-PA52
PA59-PA94
PB01A-PB32
PC04-PC64
TA01-TA21
PE02-48
PF00A-PF35
PG12-PG60

PA10, 17, 26, 30-31, 33, 35, 39-43
PA65-66, 71, 74, 49-82, 89, 91-93
PB07-08, 14, 23, 25, 28
PC12, 22, 26-27, 31-33, 36, 38, 47-48, 56
TA18-19, 21
PE02, 03, 04, 12, 22-23, 29, 46
PF05-06, 22, 24-26
PG12-14, 23, 27-28, 33, 36-39, 41, 46, 54

¹ Flows were omitted from further statistical analysis when within-flow results were α95 > 23.5°
and/or VGP latitude < 40°.

Appendix B Reference
Sæmundsson, K., L. Kristjánsson, I. McDougall, and N. D. Watkins, 1980, K-Ar dating,
geological and paleomagnetic study of a 5-km lava succession in northern Iceland: J.
geophys. Res., 85(B7), 3628-3646.

106

Chapter 4 -- Appendix C
Effect of Long-Term Secular Variation on Tectonic Rotation Estimates
We briefly consider here the contribution of long-term secular variation to the
uncertainty in tectonic rotation estimates based on our paleomagnetic declinations. Our
sampling of the lava stratigraphy on Flateyjarskagi is estimated to span 300-500 Ka of
eruptive history at each locality, except at Brettingsstaðir where fault disruption makes it
impossible to place certain samples in stratigraphic sequence (see Appendix A).
Published paleomagnetic polarity logs from Iceland indicate that significant timeaveraged departures from the axial geocentric dipole field direction can occur in a
sequence of flows spanning several hundred Ka. For example, we have found mean
declination values ranging from 023° to 056° for the basal 85 flows of the Tröllaskagi
composite section (Sæmundsson et al., 1980), when employing a 500 Ka sliding window
(30 flows) and our within-flow rejection criteria. Given this result and our estimates of
time sampled for each of our paleomagnetic sections, we conclude that long-term secular
variation bias can contribute 95% confidence bounds of ± 30° in declination for our
Flateyjarskagi sections. (Analysis provided by K. Young, 2008, personal
communication.)
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Chapter 4 -- Appendix D
Further Analysis of Mesoscopic Structural Elements

Dikes Throughout the Peninsula
All of the stereonet plots in this paper have been developed using lower
hemisphere, equal-area net projections (i.e., Schmidt plots). Poles to planes and fault
striae have been contoured using the Kamb method; excluding Figure 4-2a (contour
interval = 4σ), all of the contoured plots have a contour interval = 2σ. All of the rose
diagrams have petal lengths that are proportional to the class frequency of the strikeline
azimuths; the class width is 10°; and the frequency percentage represented by the outer
circles has been varied in each diagram to produce similar visual diagram widths.
The orientations of dikes to the south of the inferred shear zone define a tight pole
maximum on the stereonet plot (Figure 4-2a; n = 588), which is subhorizontal and
WNW-trending. The mean dike orientation is 010°/88°E, which is characteristic of the
Tertiary basalt piles throughout northern Iceland. This mean dike orientation (determined
using Bingham axial distribution statistics) is consistent with regional WNW-trending,
subhorizontal extension. The orientations of dikes from within the inferred shear zone
(Figure 4-2c; n = 482) are markedly different. The contoured poles define a girdle-like
pattern trending WSW-ENE that contains multiple maxima. The best-fit great circle to
that girdle is inclined toward the NW by 16°; the pole to this great circle is 133°, 73°
(azimuth, plunge). Alternatively, the entire population of dike poles can be well fit with a
small circle (or cone), defined by a cone axis of 122°, 71° and having a half angle (or
radius) of 81° (a half angle of 90° would define a cylindrical “cone,” which is equivalent
to a great circle). The close values for the orientations of the pole to the best-fit great
circle, and the best-fit cone axis, indicate that either of these geometric characterizations
of the pole populations are reasonable. The statistical mean dike orientation is
066°/74°SE; however, the broad azimuth distribution of dike strikes indicates that
although the orientation of a mean plane may be determined with statistical precision it is
not very representative of the population (this can also be gleaned from the eigenvalues
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of the Bingham statistics associated with the cylindrical best fit). As shown on Figure 41, the amount of clockwise curvature of dike and bedding trends is less in the northwest
subarea of the peninsula, compared to the greater curvature to the ESE of there. Of the
482 dikes shown in Figures 4-2c and 4-2d, 97 were measured in the northwest subarea.
The mean dike orientation for this subpopulation of 97 dikes is 031°/73°SE, while the
mean dike orientation for the remaining population of 385 dikes is 077°/76°SE.
The contrasting orientation distributions of dikes in Figure 4-2 are consistent with
the shear zone hypothesis, though as standalone evidence they do not “prove” it. The
skewness of the distribution in Figure 4-2c matches the inferred swing in orientation
recorded by our field mapping (Figure 4-1). If these northern peninsula rocks have been
tectonically rotated about apparent vertical axes, then the NE-trending poles in the
stereonet plot may represent the presence of originally NNE-trending dikes (with WNWtrending poles) found in the southern area of the peninsula that have undergone the full
amount of rotation. The same inference can be applied to comparison of the longest rose
petals (i.e., the highest frequency mode) in Figures 4-2b and 4-2d.
It is possible that episodes of dike injection occurred during and after the rock
mass rotations in the shear zone. We have recognized a relatively small number of fresh,
unaltered dikes trending WNW near the northern coast, which we infer to have been
injected after the deformation that fractured and crushed the surrounding rock mass. By
far, most of the WNW-trending dikes appear to pre-date the intense brittle deformation in
the northern part of the inferred shear zone. A small number of cross-cutting
relationships observed near the north coast indicate that locally NE-trending, subvertical
dikes post-date the emplacement of WNW-trending dikes. Infrequent WNW-trending,
subvertical dikes also occur to the south of our proposed Flateyjarskagi shear zone and to
the west in Tröllaskagi (Sæmundsson et al., 1980). The limited number of radiometric
dates from dikes are discussed in the body of this paper.
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Non-Dike Mesofractures
We also measured the orientations of non-dike extension fractures, fault planes,
and fault striae, from the southern part of the field area in Dalsmynni and from the
northern coastal cliff exposures from ~ 0.5 to 5 km to the SE of Stapi (shown in
Appendix A, Figure A4-1, Brettingsstaðir) (comprising sampling stations at Víkurhofdi,
Hofshofdi, and the N-NW edge of Hagong mountain, which are at progressively greater
distances to the SW of the HFF; the Hagong sea cliffs are ~ 4 km SW of the HFF).
Collectively, these three stretches of sea cliffs are herein referred to as the “northern sea
cliffs.” The amount of net slip along the fault planes was often indeterminate. Most of
the measured faults have throws less than 5 m and meet the definition of mesofaults by
Hancock (1985). Extension fractures and faults are typically mineralized veins
containing zeolites, quartz, or calcite. Of the 42 faults measured along Dalsmynni, 26
contained measured striae (slickenlines); of the 211 faults measured along the northern
sea cliffs, 180 contained measured striae. Kinematic (or paleostress) analyses of the
fault-slip data are beyond the scope of the present study.
The dike orientations measured in this study cover a very large area comprising
virtually the entire older, pre-flexure age basalt pile within the peninsula (Jancin et al.,
1985), excluding those cutting Flateyjardalur Central Volcano acid rocks (Figure 4-1)
(where dikes characteristically have erratic attitudes) while including Hrísey island in
Eyjafjörður. The other mesofractures were measured in much smaller areas.

Faults and Extension Fractures in Dalsmynni
In Dalsmynni, both the eastern, flexured part of the valley and the western, nonflexured part are combined in the measurements reported here. Contoured poles to fault
planes in Dalsmynni (Figure D4-1a; n = 42) define an ~ E-W trending, very gently
inclined maximum that passes into a girdle-like distribution. The statistical mean fault
pole orientation is 093°, 4°, corresponding to a mean fault plane of 003°/86°W. Since
most of the fault striae indicate dip-slip and oblique-slip motions (discussed below), from
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a simple kinematic perspective this mean orientation suggests that W-trending,
subhorizontal extension formed the faults. The mean fault orientation in Dalsmynni
(003°/86°W) is very close to the mean dike orientation derived from measurements over
a much larger area to the south of the inferred shear zone (010°/88°E), suggesting they
formed under similar regional paleostress fields. The relatively larger area of the faultpole contour maximum within the eastern half of the stereonet plot reflects the influence
of flexuring of the basalt pile in eastern Dalsmynni, which tilted the rock mass to the SE
by 15° to 35°. Both normal and reverse slips occur, with normal slip predominating.
However, this distinction is not applicable to vertical dip-slip fault planes, and the SE
flexuring in eastern Dalsmynni means that the original sense of normal or reverse dip-slip
and oblique-slip displacements may be locally “reversed” because of the rotations of the
rock mass about subhorizontal axes.
The presence of fault-pole contours in the N to NE, and S to SW, parts of Figure
D4-1a reflects the presence of a secondary fault system that strikes WNW-NW, with
steep to vertical dips. The presence of two fault sets (or systems), with the primary set
parallel to the regional structural grain and the secondary set at angles of ~ 60°-90°, has
been found to be characteristic of the Icelandic basalt piles. This is also a common
relationship for extension fracture sets (discussed below). The primary sets generally
may represent regional extension along the spreading ridge, while the secondary sets
might typically form later under the influence of thermoelastic stresses accompanying
basal lithospheric accretion and crustal cooling with drift from the spreading ridge
(Jefferis and Voight, 1981). It should be noted that in at least the eastern half of
Flateyjarskagi, regional WNW-directed extension associated with formation of the older
basalt pile was followed by a later, superimposed period of regional WNW-directed
extension associated with flexuring and dike injection of the older basalt pile and buildup
of the younger basalt pile in easternmost Flateyjarskagi, which is located to the east of the
regional unconformity shown in Figure 4-1 (Jancin et al., 1985).
Fault striae in Dalsmynni (Figure D4-1c; n = 26) define a broad stereonet contour
maximum that is slightly skewed into the western half of the plot. The statistical mean
striation orientation is 254°, 86°, which is consistent with subhorizontal extension

111

resulting in predominantly dip-slip to oblique-slip fault displacements (two strike-slip
faults were also measured).
Extension fractures in Dalsmynni (Figure D4-1d; n = 86) show a primary set with
a pole maximum that is subhorizontal and trending WNW-ENE. The mean extension
fracture of this primary set is 358°/89°W, which is subparallel to the mean southern-area
dike and the mean fault in Dalsmynni. This primary set pole maximum is skewed to a
relatively larger area within the eastern half of the stereonet plot, which reflects the
influence of flexuring in eastern Dalsmynni. A secondary extension fracture system
occurs along the weak maximum trending ~ NE-SW. This broad, weak secondary
maximum is largely controlled by 17 vertical fractures that range in strike from E-W to
N-S. The orientation of the primary mode of the extension-fracture system (Figure D41e) is subparallel to the primary modes of the fault system (Figure D4-1b) and the
southern-area dikes (Figure 4-2b). This indicates that all three of these structural
elements formed under similarly oriented regional paleostress fields involving WNWESE extension. This relationship also suggests that most of the faults originated as
extension fractures that later underwent shear displacements.

Faults and Extension Fractures in the Intensely Deformed Northern Sea Cliffs
Mesofault orientations along the northern sea cliffs (Figure D4-2a; n = 211) show
a girdle-like distribution having a best-fit great circle oriented 067°/22°NW (the pole to
which is 157°, 68°). This great circle is crudely subparallel to the flows in these sea cliff
outcrops, indicating that the pole to bedding is approximately a geometric axis common
to the overall fault distribution. This means that most of the faults are at a high angle to
the inclined bedding, suggesting the possibility that most of the faulting occurred prior to
most of the flow tilting. A pole maximum in the NW quadrant of the stereonet plot
contains a mean fault plane pole of 322°, 21°, corresponding to a mean fault plane
oriented 053°/69°SE. The girdle-like distribution is crudely similar to the girdle shown
in the pole plot of dikes within the inferred shear zone (Figure 4-2c). This is consistent
with the shear-zone hypothesis though it does not prove it, and we emphasize that the
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dike plot was developed from measurements over a large part of the inferred shear zone,
while the fault plot was developed from measurements over three specific exposures
along the northern coast. These northern sea cliff faults can also be best-fit with a small
circle (cone) having an axis of 230°, 83°, and a radial angle of 70°.
If NNE-trending faults and dikes, characteristic of the southern area, were present
in northern Flateyjarskagi prior to shear-zone rotations, then those faults and dikes should
be present but rotated in the northern area (though superposed younger faults could have
affected the mean orientations calculated). The NE part of the girdle in the northern
dikes (Figure 4-2c) is consistent with this inference, as is the NE part of the girdle in the
faults along the northern sea cliffs (Figure D4-2a). The range in fault attitudes in the
north is much larger than found in Dalsmynni. Some faults in the north show multiple
striae, indicating a history of multiple slips along different directions.
Many of the faults along the northern sea cliffs have striae indicating strike-slip
movements (see Figure D4-2c; n = 180). Although the contoured striae show a
maximum in the NE quadrant, this striation population does not show a well-defined
girdle pattern. The striae are distributed over much of the stereonet plot and comprise a
broad distribution of strike-slip, oblique-slip, and dip-slip faults. The fault-slip data are
kinematically highly heterogeneous, indicating there were multiple stages of fault
paleostress regimes. Other workers have handled this heterogeneity by separating the
northern coastal fault-slip data into mechanically consistent subsets (e.g., Angelier et al.,
2000; Garcia et al., 2002), which has not been done here. The statistical mean fault
striation falls within the point maximum in the NE quadrant of the plot, and has an
orientation of 065°, 25°, indicating strike-slip motions are significant. The mean fault
orientation of 053°/69°SE strikes 12° away from the mean striation azimuth, and both are
subparallel with the local strikes of bedding. If the Dalsmynni fault striae plot (Figure
D4-1c) is rotated 100° clockwise about a vertical axis, and then tilted with the bedding
that dips ~ 30° NW, then those striae would plot broadly over the SE quadrant of Figure
D4-2c; 37 striae fall within this quadrant, which is consistent with the hypothesis that
faults from the southern area have been rotated, and presumably reactivated, during
shear-zone deformation in the north. The very high density of faults (and extension
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fractures, discussed next) along the northern sea cliffs indicates that many new faults also
developed during the intensive deformation of the rock mass.
Contoured poles to extension fractures along the northern sea cliffs are plotted in
Figure D4-2d (n = 632). The contours in the northern half of the plot define a girdle-like
pattern, but the best-fit great circle is a relatively poor fit (as is the best-fit small circle).
The contoured extension fracture pole plot is crudely similar to the plot of dikes present
within the inferred shear zone (Figure 4-2c), and some of the maxima in both plots are
subparallel. This observation is interesting given that the dike plot represents
measurements over a much larger area than that associated with the extension fracture
plot. The statistical mean extension fracture pole is 291°, 60°, which corresponds to a
mean plane of 021°/83°SE. However, as with the dikes, the broad azimuth distribution of
extension fracture strikes indicates that the orientation of a mean plane is not very
representative of the population. If these northern coast rocks have been tectonically
rotated about apparent subvertical axes, then the NE-trending pole maximum in the
extension-fracture plot may represent the presence of originally NNE-trending extension
fracture planes (such as are found in Dalsmynni, although the rocks in Dalsmynni are
significantly younger than those along the northern sea cliffs). The very high density of
extension fractures along the northern sea cliffs indicates that many new extension
fractures (and faults) also developed during the intensive deformation of the rock mass.
In summary, the orientations of mesofractures within the inferred shear zone are
more complex than those found in southern Flateyjarskagi (including Dalsmynni). There
is a much greater range of fracture and fault striae orientations in northern Flateyjarskagi.
Mutually cross-cutting relationships observed for the extension fractures and faults in the
northern area do not allow determination of the relative ages of formation of the various
fracture sets and systems shown on the stereonet pole plots and rose diagrams. This
reflects the likely reactivation of some fractures during the extensive brittle deformation
and, apparently, the “flip-flopping” or permutations of the orientations of the principal
paleostress axes over time (the latter is discussed by Angelier et al., 2000). The
orientations of fractures in the north are consistent with the shear-zone hypothesis, but the
fractures and vein fillings do not reveal the coordinate reference frame in which they
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formed. If the shear-zone hypothesis is correct, then many different coordinate reference
frames are tied to the fracture populations. This suggests that fault-slip analyses and
paleostress-field direction reconstructions accomplished by other workers, based on
fractures in the northern area (especially near the north coast), are very likely in error
because of the assumption of a fixed coordinate reference frame (i.e., the present
coordinate reference frame).

Timing of Mesofracture Development Along the Northern Sea Cliffs
Lavas near the north coast of Flateyjarskagi are approximately 12-13+ Ma, and
comprise the deepest exposed stratigraphic level in north-central Iceland. Jancin et al.
(1985) have suggested the hypothetical, pre-shear strikes of these flows were to the NW
or WNW, with gentle southerly dips; thus the sequence exposed older units northward.
We envision these pre-shear flows to have been cut by N to NNE striking, subvertical
dikes, and a set of subparallel extension fractures. Based on the mesofractures in
Dalsmynni, we suggest a subvertical, NW to WNW striking set of extension fractures
also cut these pre-shear age rocks. We cannot be conclusive regarding the location and
orientation of the crustal accretion zone(s) which generated these rocks; the setting is
anomalous for Iceland, in that the pre-shear structural grain (roughly NNE) is highly
oblique to the lava strikelines (isochrons), a relationship which characterizes much of the
Tertiary in north-central Iceland (Jancin et al., 1985; Jancin, 1985). We believe most of
these rocks were produced within a roughly E-W trending crustal accretion zone, which
passed eastward into the N-S trending proto northeast Iceland axial rift zone (protoNEIARZ). The proto-NEIARZ was the ancient forerunner of the present NEIARZ which
became established in conjunction with the regional unconformity, roughly 6-7 Ma
(Jancin et al., 1985); this is discussed further in Chapter 5 of this dissertation.
The N to NNE striking, hypothetical orientation of pre-shear-age
extension cracks in north Flateyjarskagi probably formed while the flows were within the
active crustal accretion zone(s), from roughly 13 to 10.5-11 Ma. A subparallel set of
normal faults is likely to have formed over this same time span. The hypothesized WNW
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striking set of thermal-contraction fractures probably formed as the flows became
marginal and then distal to the proto-NEIARZ; the younger time limit for this fracturing
is poorly constrained.
Young et al. (1985) and Jancin et al. (1985) have argued that
Flateyjarskagi shear-zone deformation occurred from ~ 9.5 to 7 Ma, based on the
interpretation that most of the major flexuring of the older basalt pile occurred
subsequent to the shear deformation. This deformation involved rotation and reactivation
of some of the pre-shear age mesofractures, as well as initiation of new, relatively closely
spaced fractures. These newer mesofractures included faults, extension fractures, and
probably dikes. It is likely that repeated stages of fracturing and faulting of the rock mass
occurred during clockwise rotations. Detailed relative and absolute dating of the
complex mesofracture array along north Flateyjarskagi remains to be deciphered.
Major SE flexuring of the older basalt pile was approximately complete by
~ 7 Ma. Flow and associated chalcedony-laminae inclinations within the younger basalt
pile indicate younger episodes of eastward tilting, subsequent to 4 Ma (Jancin et al.,
1985). Along north Flateyjarskagi, it is possible that mesofractures were formed during
the major period of flexuring. Along the eastern range, it is possible that fractures
associated with tilting of the younger pile have been superimposed on the older pile, from
6.5 to less than 4 Ma.
Within the the younger lava pile in the vicinity of Bakrangi (just east of
the “V” in “NCV” on Figure 4-1), a prominent set of NE striking faults records a
cumulative, minimal easterly downthrow of 600 m. Correspondingly downfaulted zeolite
zones indicate a tectonic event which occurred after accumulation of the youngest part of
the pile, approximately 2.5 Ma (Jancin et al., 1985). These relatively young macrofaults
presumably are present in the deeply buried older basalt pile in this area. At present, it is
unclear whether this young tectonic event is represented by mesofractures within the
exposed older pile, to the N and NW of Bakrangi.
Along the north coast at Lækjarvík (shown on the Brettingsstaðir location
map Figure A4-1, Appendix A), a clastic sequence is found in uncomformable contact
with underlying, highly tectonized and tilted older-pile flows and dikes. We call this the
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Lækjarvík conglomerate; it comprises poorly to fairly well-indurated sands, pebbles,
cobbles, and boulders. The Lækjarvík conglomerate was laid within an abandoned, NW
trending fluvial channel of minimal 300-m width; its exposed height indicates a minimal
thickness of 30 m. The conglomerate clasts are lithologically diverse, comprising dike
rock, acid rocks, tuffs, and a broad spectrum of basalt types. The acid-rock clasts
presumably were derived from the nearest known source, which is the FCV, located more
than 12 km to the south. Many clasts are cut by veins and have amygdules; however, the
conglomerate itself is neither veined nor zeolitized. Most of the faults, and all of the
veins and dikes, in the underlying bedrock are truncated against the base and sides of the
former stream channel. We believe the Lækjarvík conglomerate represents an ancient
channel of the Dalsá river, which presently has its mouth 5.5 km to the SE (between
Hágong and Hofshofði). We interpret the topographic bench along Torfadalur (shown on
the Brettingsstaðir location map Figure A4-1, Appendix A) as an erosional remnant of a
formerly continuous, NW-trending fluvial and glacial valley, along which the ancient
Dalsá flowed.
In its zone of maximum exposed thickness, the Lækjarvík conglomerate is
cut by numerous joints and at least two mesofaults. The joints are subvertical and have
strikes varying from about 290° to 320°. The two faults strike from NNE to NE, and dip
between 40° and 55° to the NW. The slip sense along the faults is unknown, but their
dip-slip components of stratigraphic offset are 5.5 m and 14.0 m, with both downthrows
to the NW. Assuming these are normal-slip faults, a causative direction of extension is
inferred to be to the WNW to NW.
These faults apparently do not displace the till which unconformably
overlies the conglomerate. Norddahl (1983) has interpreted the onset of postglacial time
in Flateyjardalur as 10,000 years before present. Jancin et al. (1985) have interpreted the
initiation of major downcutting of the younger basalt pile, which led to the present
topography, as being later than approximately 2.5 Ma. These two dates presumably
bracket the age of the Lækjarvík conglomerate, and thus the timing of the faulting
exposed within the conglomerate. The present base of the thickest part of the
conglomerate is beneath sea level, but it is clear that the associated paleo-channel was
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graded to an elevation no higher than the present sea level. This suggests the
conglomerate may be considerably younger than 2.5 Ma; similarly, the youngest
decipherable faulting may be considerably younger than this same age.
On nearby Flatey island, the youngest dated exposed flow is 0.81 + 0.08
Ma (Albertsson and Eiriksson, 1988). This flow is gently NNE dipping, and is on the
north side of the WNW-trending Flatey fault escarpment, which forms the southern
boundary of a WNW-trending graben. This escarpment and graben trend is roughly
subparallel to: (1) the TFZ; (2) the joint set within the Lækjarvík conglomerate; and, (3)
the few very fresh, post-tectonic, WNW-striking dikes observed along the northern coast
of the western mountain range. Collectively, these observations suggest that a relatively
youthful NNE to NE trending “mean extensional strain field” has been superimposed
along north Flateyjarskagi, in addition to the WNW to NW directed extension inferred
from the Lækjarvík conglomerate faults. These mesofracture sets apparently formed in
the present coordinate system.
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Figure D4-1a (n = 42)

Figure D4-1b (n = 42)

Figure D4-1c (n = 26)

Figure D4-1d (n = 86)

Figure D4-1e (n = 86)

Figure D4-1: Dalsmynni faults and extension fractures. (D4-1a) Contoured plot of poles
to 42 faults; (D4-1b) Rose diagram of same (outer circle = 21%); (D4-1c) Contoured plot
of 26 fault striae; (D4-1d) Contoured plot of poles to 86 extension fractures; (D4-1e)
Rose diagram of same (outer circle = 15%).
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Figure D4-2a (n = 211)

Figure D4-2b (n = 211)

Figure D4-2c (n = 180)

Figure D4-2d (n = 632)

Figure D4-2e (n = 632)

Figure D4-2: Northern sea cliffs faults and extension fractures. (D4-2a) Contoured plot
of poles to 211 faults; (D4-2b) Rose diagram of same (outer circle = 14%); (D4-2c)
Contoured plot of 180 fault striae; (D4-2d) Contoured plot of poles to 632 extension
fractures; (D-42e) Rose diagram of same (outer circle = 9%).
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Chapter 4 -- Appendix E
Further Discussion of Forward Stereonet Modeling
The interrelationship of rotational normal faults and antithetic shearing is not
completely understood. Normal faulting likely reflects a space accommodation to greater
shear, or coupling of the rock mass towards the ESE, as evidenced by greater deflection
of flow strike and dike trends compared to the northwest corner of the peninsula (see
main text Figure 4-1). We infer that NE-trending megascopic faults are generally
oblique-slip, accommodating both antithetic left-lateral shear and rotational normal fault
component displacements, with strain possibly partitioned or alternating in time as has
been proposed for the oblique rifting in Reykjanes (Clifton and Kattenhorn, 2006). See
Young et al. (1985, their Figures 12, 13, and 15) for illustrations of our conceptual model
of the megascopic fault kinematics.
To examine the path of deformation experienced by the lava pile and the
paleomagnetic vectors during strain-partitioning and multiple sequences of tilting, we
forward-modeled rotation of the Tröllaskagi paleomagnetic reference direction of 013°,
75° N and the regional basalt dike orientation 010º/88°E. Results are shown in main text
Figure 4-4. A series of rotation steps were performed to approximate fault-slip
partitioning with changing rotation axes experienced by the rock mass during oblique slip
in the vicinity of Brettingsstaðir (a site of maximum observed rotation). Total vertical
axis rotation is constrained to 100°, normal rotation to 40°. Applied rotations alternate
between those associated with antithetic left-lateral strike slip and rotational normal slip.
Under the dominant transform component of deformation, fault slip and associated
rotation continues sufficiently that first-formed faults (striking 010º) become unfavorably
oriented with respect to stress directions and become inactive due to frictional constraints
after rotating clockwise by a total of 40º. The alternating cycle of strike- and normal-slip
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repeats twice using newly formed and favored slip surfaces, allowing clockwise verticalaxis rotations to accumulate (in this case, to 100º) far beyond that kinematically possible
for a single set of rotating antithetic faults (limited to 20º to 45º under a stationary stress
field (Nur et al. (1986)). For normal fault rotations, the majority of normal fault
separations seen in the field are accommodated on NNE- and NE-trending faults,
suggesting greater overall normal fault rotation occurred in the latter part of the kinematic
history. This is incorporated into the forward model by assigning 10º normal fault
rotational increments to Steps 3΄, 4΄, and 5΄ in Figure 4-4.
Results of the model rotation place the dike at a final orientation of 120º/63ºS,
versus the calculated mean orientation of 114º/75ºS for basalt dikes sampled at
Brettingsstaðir. Applying the bedding correction of 060/31ºNW, the rotated
paleomagnetic field direction has a final over-rotated orientation of D = 142º, 74ºSE,
whereas application of the alternate bedding correction (040º/35ºNW) results in a final
strongly over-rotated orientation of D = 180º, 74ºS. These two cases yield over-rotations
of 42º and 80º, respectively. This analysis shows that the paleomagnetic declination is
very sensitive to the bedding correction strike. The strike of the second alternate bedding
correction differs from the first by 20º, but the trends of the resultant final declinations
differ by 38º.
This kinematic scenario example shows that only a rough approximation is
obtained when using bedding orientation for a single-step tilt correction of paleomagnetic
data. In the model example employing two alternate bedding corrections, the declination
difference for the paleomagnetic directions from start to finish suggests 129º and 167º of
clockwise rotations about a vertical axis, while the actual applied component of verticalaxis rotation was only 100º.
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Figure 4-1:
Location of paleomagnetic sampling sites and declination results for
Flateyjarskagi. Summary of dike trends and lava flow attitudes shows structural curvature
near the Húsavík-Flatey fault (Young et al., 1985). Tertiary acid rocks are Flateyjardalur
Central Volcano (FCV) and Náttfaravík Central Volcano (NCV) shaded gray (Jancin et al.,
1985). Flexure axis is regional down-warp associated with regional unconformity and
initiation of the present Northern Volcanic Zone (Jancin et al., 1985).
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Figure 4-2a (n = 588)

Figure 4-2c (n = 482)

Figure 4-2b (n = 588)

Figure 4-2d (n = 482)

Figure 4-2: Schmidt nets: (4-2a) Kamb-contoured plots of poles to 588 dikes south of
the inferred shear zone (including Hrísey island), contour interval 4.0 σ; (4-2c) Same for
482 dikes within the inferred shear zone, contour interval 2.0 σ. Rose diagrams: (4-2b)
Same population of 588 dikes (outer circle = 27%); (4-2d) Same population of 482 dikes
(outer circle = 12%).
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Figure 4-3: Schmidt net plot of site mean paleomagnetic directions and 95% cones of
confidence following bedding corrections and application of within-flow or -dike
rejection criteria; reference directions are Dalsmynni and Tröllaskagi (latter calculated
from the composite section of Sæmundsson et al., 1980).
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Figure 4-4: Forward modeling of strain-partitioned vertical-axis (total 100°) and normalfault (total 40°) rotations of typical dike (pole to dike plane) and expected paleomagnetic
direction. Model concludes with alternate bedding corrections typifying northern
Flateyjarskagi flows, illustrating apparent “over-rotation” of declination with respect to
100° vertical-axis component.
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Table 4-1: Paleomagnetic Results from Flateyjarskagi.

Site¹

n

N

Dalsmynni

22 17 16.0 16.3 9.1° 28°

Lútur
Ygla
Brettingsstaðir
(flows)
Brettingsstaðir
(dikes)³

20 15 14.4 14.7 8.3° 126° 26° 73° 6.4°
34 16 15.5 28.7 7.0° 126° 17° 71° 5.5°
31 20 18.2 10.3 11° 177° 38° 76° 8.4°

Bedding
correction
287°/05°
clockwise (cw)
033°/30° cw
034°/37° cw
Various²

8

Various³

8

R

7.6

κ

α95

14.6 15°

D

∆D I

∆I

24° 72° 7.1°

211° 41° 72° 12°

n = number of flows or dikes sampled.
N = number of flows or dikes passing the rejection criterion α95 < 23.5°, VGP > 40°.
D = bedding-corrected declination, (+) clockwise from north.
∆D = 95% confidence interval for D. Confidence limits calculated according to method of
Demarest (1983).
I = bedding-corrected inclination, (+) down.
∆I = 95% confidence interval for I. Mean of bounds ∆I1, ∆I2 from Demarest (1983).
R = Resultant vector.
κ = Precision parameter.
α95 = radius of 95% cone of confidence, assuming circular distribution on sphere.
¹ Locations are shown in Figure 4-1 and Figure 4A-1 in Appendix A.
² Bedding corrections applied individually within separate fault-bounded blocks, and flow
units sampled in each block (parentheses): 056°/29° clockwise (cw) (BS1-8), 051°/26° cw
(BS9), 042°/34° cw (BS10), 061°/34° cw (BS14-15), 069°/25° cw (BS16-17), 070°/27° cw
(BS 18-20), 063°/35° cw (BS22-32).
³ Orientations of dikes sampled: 120°/85°S, 118°/61°S, 096°/88°S, 104°/67°S, 125°/85°S,
095°/57°S, 128°/77°S, 120°/86°S. Mean plane of sampled dikes is 114°/75°S, with pole
orientation α95 = 12°.

Chapter 5

Conclusions of the Dissertation Research Regarding the
Volcano-Tectonic Evolution of North Iceland

Introduction
The history of spreading in north Iceland is complex. Based on radiometric
dating, two extinct rift zones occur in the west, the Western Fjords Zone (trending NE
with an axis offshore of the Vestfirdir peninsula) which became extinct ~ 15 Ma
(Harðarson et al., 1997), and the Snæfellsnes-Skagi Zone (trending ENE to N) which
became extinct ~ 7 Ma (discussed more below). See Figure 5-1 for a bathymetric and
tectonic map of the Iceland region. Much of the tectonic literature on Iceland states that
spreading in north Iceland has always occurred along a single rift zone that migrated or
jumped to the east and that the Northern Volcanic Zone (NVZ) developed ~ 7 Ma when
activity at the Snæfellsnes-Skagi Zone (SSZ) ceased. However, as discussed by Jancin et
al. (1985) and Foulger (2006), this is not correct. Radiometric ages, regional isochrons,
unconformities, tectonic relationships, regional lava dips, and timing constraints for
Flateyjarskagi shear-zone deformation associated with the Tjörnes Fracture Zone (TFZ),
show that spreading about a proto-NVZ has occurred since ~ 13+ Ma (Jancin et al., 1985;
1995; also see Chapter 4 of this dissertation).
Bott (1985) interpreted marine magnetic isochrons and the structure of the
Icelandic shelf edge to suggest that such proto-NVZ spreading started at ~ 26 Ma (Figure
5-2). Therefore, both on-land and marine evidence suggest that prior to ~ 7 Ma, north
Iceland experienced spreading along parallel (or dual) volcanic rift zones, as presently
occurs in south Iceland (Figure 5-1, along the Western Volcanic Zone and Eastern
Volcanic Zone). A related inference is that the oldest lavas in eastern Iceland (~ 13 Ma)
were probably erupted from the easternmost rift, and lavas of the same age in
northwestern Iceland were probably erupted from the former western rift along the SSZ.
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The oldest lavas in north Iceland (~ 13+ Ma in northern Flateyjarskagi) are located close
to some of the youngest lavas in Iceland in the NVZ – this observation will be further
evaluated in this paper.
This chapter of the dissertation further develops and synthesizes some key results
of the previous chapters. The main objectives of this chapter are to (1) summarize the
bedrock-age distribution in Iceland; (2) present the available radiometric ages of the
hiatuses along the major regional unconformities on the east and west flanks of the NVZ;
(3) evaluate the evidence for spreading earlier than 7 Ma along the proto-NVZ; (4)
characterize the unusual regional lava isochron orientations in the Tertiary rocks of north
central Iceland; (5) integrate these lines of evidence into a conceptual model for the
volcano-tectonic evolution of north Iceland; and (6) critically evaluate some alternative
conceptual models.
Some of the figures in this chapter refer to the northeast Iceland axial rift zone
(NEIARZ), a term that has largely been replaced by the name Northern Volcanic Zone
(NVZ). Both of these names refer to the active, north-trending spreading zone in north
Iceland. The following place names are important to discussions in this paper: referring
to Figure 5-1, the Skagi peninsula is identified – the peninsula directly to the east of
there is called Tröllaskagi – the peninsula directly east of there is called Flateyjarskagi
(this area is the main subject of this dissertation) – and the peninsula farther east is called
Tjörnes. Skagi and Tröllaskagi are separated by Skagafjörður (fjord); Tröllaskagi and
Flateyjarskagi are separated by Eyjafjörður (fjord); and Flateyjarskagi and Tjörnes are
separated by Skjálfandi (bay).

Bedrock Age Distribution in Iceland

Figure 5-1 shows radiometric ages for the oldest rocks in northwest Iceland (~ 16
Ma; Moorbath et al., 1968; Harðarson et al., 1997) and east Iceland (~ 13 Ma; Ross and
Mussett, 1976; Watkins and Walker, 1977). The oldest rocks in north Iceland (~ 13+ Ma;
Jancin et al., 1985; and Chapter 4 of this dissertation) are located in north Flateyjarskagi.
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Large-scale folds, neovolcanic zones, and the approximate regional age
distribution in Iceland are shown in Figure 5-3. Included are the dip lines of long,
continuous stratigraphic sections that lack major hiatuses: the 13-0 Ma line from the
coast of east Iceland to central Iceland; the 15-0 Ma line from the coast of northwest
Iceland to central Iceland; and the > 11-0 Ma line from the coast of north Iceland to
central Iceland. Regarding the latter, Chapters 2 and 4 of this dissertation have discussed
the maximum age of subaerial flows in north Iceland as ~ 13+ Ma, exposed in
northernmost Flateyjarskagi. The lavas in this area are unusual in that they dip by as
much as 30-45° NW, reflecting the combined influence of large shear rotations about
apparent vertical axes and large rotational normal faulting about subhorizontal axes. The
profound structural disruption of the stratigraphy in this area makes it inappropriate to try
to depict the continuous section line back to 13 Ma.

Major Hiatuses Along the NVZ and Rift Relocations
The > 11-0 Ma continuous section line in north Iceland, and the 13-0 Ma line in
east Iceland, have downdip arrowheads meeting along the southern part of the NEIARZ
(or NVZ); see Figure 5-3. As discussed in detail in Chapter 2 of this dissertation, to the
north of that location there are paired monoclinal flexures flanking the NVZ. These
crustal flexures led to the development of regional unconformities. Sæmundsson (1974)
proposed that spreading along the NVZ started in conjunction with a major eastward
jump of the rift zone ~ 4 Ma, at which time the TFZ developed. The age of this apparent
rift jump was later revised to ~ 6-7 Ma by additional K/Ar dating of rocks below and
above the regional unconformities present along both flanks of the NVZ (Cotman, 1979;
Jancin et al., 1985).
Major lava pile hiatuses, in relation to the locations of the same three main
continuous stratigraphic sections shown in Figure 5-3, are presented in Figure 5-4. The
post-flexure and pre-flexure K/Ar dates flanking the NVZ in north Iceland are taken from
Jancin et al. (1985) and Cotman (1979). Lavas within the exposed younger basalt pile
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overlying the regional unconformities range in age from ~ 6.5-7 to 2.2 Ma. These flows
typically dip ~ 4-5° to the W on the E side of the NVZ, and a similar amount to the E on
the W side of the NVZ. Such dip toward the generative rift axis is characteristic of
Icelandic spreading zones. Along the W flank of the NVZ the older, flexured basalt pile
dips from 10°-35° to the SE, and these flows project to the SE to beneath the major
unconformity (Jancin et al., 1985). Along the E flank of the NVZ, these older flows dip
15°-18° to the W (Walker, 1964).
These regional flexure zones may develop as a result of: (1) listric faulting at
depth (for which there is no direct evidence), such that the flexures are rollovers; (2)
passive tilting associated with extension, subsidence and crustal foundering; or (3) active
tilting caused by loading from thick, younger, post-unconformity lava piles.
Combinations of these mechanisms are possible.
The duration of the hiatuses flanking the NVZ generally decreases from north to
south, and they apparently disappear given the existence of several very long, continuous
stratigraphic sections which lack significant hiatuses. This suggests that volcanic
production along central Iceland has been relatively continuous during the last 13 Ma,
and that the NVZ hiatuses were developed by a combination of (1) southward retreat of
the zonal volcanism along a proto-NVZ from ~ 9.5 to 6.5-7 Ma (after which renewed
zonal volcanism along the re-established NVZ occurred as far north as Flateyjarskagi,
resulting in the accumulation of the younger basalt pile), and (2) the age distribution of
the flexured, older basalts that were buried by the renewed NVZ volcanism. Volcanic rift
zone activity at a given location along most of the NVZ has been relatively transient,
while more southerly (“hotspot”?) volcanism in central Iceland has persisted for at least
13 Ma.
The hiatus range shown in the SW part of Figure 5-4 is based on dating done by
Jóhannesson (1980). The related unconformity is called the Hredavatn unconformity
(Figure 5-3). Jóhannesson (1980, p. 30) stated that, “. . . the time gap represented by the
unconformity . . . [becomes] relatively small [to the northwest] in Hitardalur where the
unconformity might represent a time of low volcanic activity rather than a pause in the
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activity.” The setting at Hredavatn is apparently structurally analogous to that along the
western flexure zone flanking the NVZ in north central Iceland.
Long-lived volcanic rift (spreading) zones in Iceland are characterized by
subsidence and synclinal structure. When rift zones jump from one location to another,
the intervening area is a relative structural high (culmination) having anticlinal structure.
Such anticlines are not formed from crustal shortening; rather, they form passively
through downwarping along their margins along extinct and/or existing spreading zones
(Sæmundsson, 1974; Aronson and Sæmundsson, 1975).
In north Iceland, the SSZ was active from ~ 15-7 Ma (the location is shown with a
dashed line on Figure 5-1), although the southwestern reach experienced waning
volcanic production to 5 Ma (Pringle et al., 1997). At ~ 7 Ma, the WVZ (Figure 5-1)
formed as volcanic activity along the SSZ waned or ceased. Between these two areas, the
Borgarnes anticline formed within the older lavas exposed beneath the Hredavatn
unconformity (see Figure 5-3). Waning and cessation of volcanic production along the
northern part of the SSZ coincided with the onset of volcanism along the NVZ at ~ 6-7
Ma. Between the two areas, the gentle Eyjafjörður anticline formed (see Figure 5-3).
This broad half-dome feature should not be confused with the major flexuring to the east
that caused dips in the older basalts of 10°-35° to the SE (well exposed in Dalsmynni
valley). Along this flexure zone’s strike to the NE, the northern part of the older basalt
pile acquires relatively steep dips to the NW, in proximity to the TFZ; this defines the W
limb of an anticline that we have referred to as the Flateyjardalur anticline, which has a
unique structural origin (Jancin et al., 1985; see Figure 5-5).
A relatively recent rift relocation in north Iceland occurred when a NNW-trending
rift along Skagafjörður became volcanically active at 1.7-1.6 Ma, but the rift axis was
very short-lived (Hjartarson, 2003) (note that this is different from, and located to the east
of, the SSZ). Plio-Pleistocene rocks found at Skagi and Skagafjörður are considered to
be products of this former rift zone, which may have persisted to the SSE to the fissure
swarm that extends north from the active Hofsjökull central volcano in central Iceland
(Harðarson et al., 2008). The regional unconformity caused by the ephemeral
Skagafjörður Rift Zone is associated with hiatuses determined by Ar/Ar dating (not
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shown in Figure 5-4). To the south, just north of Hofsjökull, the time gap is ~ 0.8 m.y.,
but the hiatus increases to the north and in the lower Vesturdalur valley it is ~ 7 m.y.
(Hjartarson, 2003). Lavas below the unconformity generally dip gently to the S to SW,
such that they are older upsection toward the north.
For the past 50 Ma the North Atlantic plate system has been drifting to the WNW
relative to the Iceland plume (e.g., Vink, 1984; Arnadóttir et al., 2008). As the MidAtlantic Ridge axis moved over the plume at ~ 20 Ma, the rift axes have attempted to
maintain their positions on top of the plume by repeated relocations or jumps to the east,
leaving behind extinct rift zones in the western part of the island. This conceptual model
is frequently invoked in the geologic literature on Iceland, and it may be correct.
However, the following evidence discussed in the next section counters that
conceptual model. Large-scale rift jumps of ~ 100 to 130 km must be distinguished from
smaller-scale rift relocations that occur over ~ 10-30 km. Helgason (1984) has described
how the latter have occurred both to the east and west in eastern Iceland. The current
location of the en echelon fissure swarms and central volcanoes along the western half of
the NVZ (see Figures 5-1 and 5-3) may represent a recent, relatively small westward
jump from the somewhat older, adjacent, eastern half of the NVZ neovolcanic zone.
Also, the flow orientations (which define lava isochrons) in a large Tertiary area of north
central Iceland are not consistent with lava-pile generation from ~ N-trending spreading
zones (discussed more below). Lastly and as noted earlier, there is evidence that an
ancient forerunner to the NVZ (called the proto-NVZ) existed, and that spreading along
this location has occurred since ~ 13+ Ma.

Evidence for Proto-NVZ Spreading Prior to 7 Ma
The evidence indicating an age of ~ 6-7 Ma for the present NVZ is permissive
regarding the model (Sæmundsson, 1974) of an axial rift zone jump from the SSZ to the
NVZ at that time (although Sæmundsson suggested an age of about 4 Ma for the present
NVZ). The following discussion refers to the geologic map (Figure 5-5) and dike map

135

(Figure 5-6) of Flateyjarskagi, which is located along both the NW flank of the NVZ and
the southern margin of the TFZ.
Geologic relationships in Flateyjarskagi suggest that transform-related shear
deformation largely preceded flexuring and accumulation of the younger basalt pile.
(Fracture zone structures in northern Flateyjarskagi are described by Young et al., 1985;
Jancin et al., 1995; and Chapter 4 of this dissertation.) In northeastern Flateyjarskagi the
flexure axis shows a clockwise deflection of about 15°, whereas older basalt-pile dike
trends show systematic regional variations which suggest approximately 60°-90° of
clockwise curvature caused by right-lateral heterogeneous simple shear. Northernmost
exposures near the disconformable boundary between the older and younger basalt piles
indicate that this contact is a discontinuity in dike density, dike orientation, fault density,
fault orientation, and fault slip sense (slickenline orientations in the older basalt pile in
this area indicate many faults underwent strike-slip displacements). These relations
suggest the accumulation of the younger basalt pile largely post-dated intrusion and
deformation in the underlying older basalt pile. K/Ar ages and tentative stratigraphic
correlations in the younger basalt pile suggest that the northernmost basal flows in these
units are between ~ 6.5 and 6 Ma. Along with K/Ar ages from presumed postflexure age
dikes (in southern Flateyjarskagi), which suggest flexuring there was completed by ~ 7
Ma, these data provide upper temporal bounds to regional shear deformation in
Flateyjarskagi.
Our estimate of shear displacement in northern Flateyjarskagi requires that
approximately 2 m.y. of transform activity occurred prior to flexuring (Young et al.,
1985). This raises the possibility that Flateyjarskagi shear deformation developed in
conjunction with an approximately 9+ Ma age spreading zone, which was operative along
roughly the same location as the present (that is, younger than 6-7 Ma) NVZ. The
regional configuration of isochrons across the island lends support to the hypothesis that
spreading older than 7 Ma has occurred along a proto-NVZ in northeast Iceland. As
previously noted, Bott’s (1985) plate reconstructions suggest the proto-NVZ has
occupied the same location since 26 Ma.
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Implications of Isochron Locations in Iceland
Isochrons in Figure 5-4 are taken largely from Sæmundsson (1980, p. 12, his
Figure 6). The reader should bear in mind that such isochrons represent the strike lines of
lavas of given ages and that such lavas may be present downdip in the subsurface.
Surficially exposed lavas of a given age are vertically underlain by older flows in the
subsurface. Most regional lava strikes reflect dips imparted by continuing lava
accumulation, subsidence, and burial (e.g., Bödvarsson and Walker, 1964).
Though rocks ≥ 10 Ma are not exposed in south and southeast Iceland, their
discontinuous exposure elsewhere on the island is roughly concentric with central
Iceland. Isochrons as young as 7 Ma define, in west, east, and north Iceland, a pattern
approximately concentric to the center of the landmass. Most younger isochrons,
however, trend approximately parallel to the neovolcanic zones.
Local curvature of regional Icelandic isochrons generally represents subsidence
imparted during accumulation of the lava piles. Excluding portions of Flateyjarskagi and
Tjörnes, significant tectonic reorientation of isochrons is refuted by the general lack of
reorientation in associated dike trends (see Figure 5-7). In the available literature we
have found no evidence which suggests significant dispersion of paleomagnetic
remanence declinations in regions where isochrons display curvature (such as in the
Tröllaskagi region, which is discussed more below).
All proposed previously active, long-lived Tertiary volcanic rift zones (Western
Fjords Rift Zone and SSZ) and currently active axial rift zones (NVZ, WVZ, and SVZ)
trend approximately northeast or north. Regional dike orientations (Figure 5-7) indicate
that lavas were extruded, throughout Iceland’s subaerial history, under a stress regime
having the minimum compressive stress approximately perpendicular to the trends of
presently active rift zones. However, it is difficult to reconcile the configuration of
isochrons ≥ 7 Ma with volcanism restricted exclusively to north and northeast trending
crustal accretion zones.
These older isochrons do not exclusively mimic the commonly ridge-parallel
alignments of submarine magnetic anomalies characteristic of the adjoining Atlantic
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ocean floor. For example, isochrons ≥ 7 Ma in north central Iceland have trends curving
from northwest to east to northeast; for much of their length these isochrons are very
roughly parallel to (not perpendicular to) the presumed spreading direction of 105°.
A quantitative perspective is provided by evaluating the obliquity angles in the
lava piles. The obliquity angle (OA) is defined as the angle between trends of centralvolcano related fissure swarms, dikes, and faults, and regionally adjacent approximate
lava isochrons (which are parallel to the regional lava strikes). The OA is defined in
Figure 5-8; it equals the acute angle measured from the isochrons to proximal
extensional structures (clockwise angles are (+), counter-clockwise angles are (-)).
Three large-OA neovolcanic zones (oblique rift zones) may be defined in Iceland:
(1) the WNW-trending Central Highlands Transverse Zone (CHTZ, shown in Figure 5-3)
(OAs of -65° to +80°, across the zone from south to north); (2) the ENE zone along
Reykjanes peninsula (OA = -35°); and, possibly (3) the WNW and largely submarine
TFZ. As measured from TFZ boundaries (which are not, demonstrably, isochrons), to the
N-trending extensional faults within the TFZ, the OAs vary from +50° to +60°, across the
zone from south to north. Plio-Pleistocene flows (probable Matuyama age) on the islands
of Flatey and Grimsey indicate that the TFZ has been “leaky” during its history.
OAs can also be measured in Tertiary sequences. Figure 5-9 shows part of
eastern Iceland (the large fjord to the left of the number “12.5” is Reydarfjörður, which is
immediately south and west of the filled black circle in Figure 5-1 along the east coast of
Iceland). Lava isochrons and dike trends have been taken from Walker (1974), but we
have measured and plotted the OAs. Walker interpreted the sinistral, non-tectonic
curvature of the lava isochrons in the northern part of the diagram, as possibly due to a
southerly migration of volcanic loci with time, such that the sequence generally offlapped
to the SW. This configuration might also be attributed to a NW-trending, oblique axial
rift zone, necessitating no southerly migration of volcanic production maxima (Helgason
and Zentilli, 1982). That dikes and contiguous flows are generally coeval has yet to be
demonstrated throughout most of the island, but such an assumption has often been made.
Helgason and Zentilli (1982) concluded that in the Reydarfjörður area the dikes were
generally much younger than the contiguous flows that they cut.
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Figure 5-10 shows OAs in ~ 7-11+ Ma lavas in north central Iceland (from right
to left the four peninsulas are Tjörnes, Flateyjarskagi, Tröllaskagi, and Skagi). The
isochrons to the west of the flexure are largely from Sæmundsson (1980), and they are
generally consistent with regional mapping of lava dip directions by Garcia et al. (2008,
their Figure 3). The average dike trend in north central Iceland is 010°, and most of the
OAs shown have been measured in reference to this azimuth of extensional structures.
These isochrons, locally subparallel to the CHTZ to the south, are, for much of their
lengths, subparallel to the presumed spreading azimuth of 105°. Offshore (e.g., Figure
5-1) isochrons are usually subperpendicular to the spreading direction. The CHTZ has
sometimes been categorized as a transform fault zone (e.g., Schäfer, 1972). That these
relatively old isochrons are subparallel to the CHTZ, over a north-south distance of more
than 150 km, indicates this hypothesis is unlikely to be correct in a steady-state sense.
Foulger and Anderson (2005, their Figure 5) suggested that the old Faroe Transform
Fault (Figure 5-2) might underlie the CHTZ, while Bott (1985) proposed that the old
Faroe Transform Fault might underlie the present north coast of Iceland.
Since major flexuring finished ~ 7 Ma, younger isochrons in north Iceland have
evolved parallel to the NVZ, apparently at a high angle to the pre-flexure-age isochrons.
Icelandic Tertiary flow packets thicken and increase in inclination, down dip, toward the
crustal accretion zone from which they are inferred to have been generated. Based on
field studies of lava-thickness variations, dip angles, and zeolitization, the 7-11+ Ma
sequence of north central Iceland apparently offlapped to the south. Regarding the
configuration of strike lines in Tröllaskagi and the east-west transverse zone of central
Iceland, Sæmundsson et al. (1980, p. 3637) have suggested that
the downdip thickening and younging of the lava pile toward the
southwest and south show that the focus of volcanism migrated southward
with time . . . the (010° trending) dikes are elements of en echelon arrays
lying within the former rift zone. The trend of that rift zone would have
been parallel with the lavas. . . .
This implies that an approximately WNW-trending, oblique zone of volcanism,
with penecontemporaneous OAs of ~ 90°, migrated to the south across north central
Iceland from 11+ Ma to present. This idea is difficult to reconcile with the concept of
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long-term crustal accretion and extension along approximately N-trending spreading
zones. One issue this conceptual model raises is how the WNW-trending extensional
strain could be compatibly accommodated during such long-term southerly migration.
The implications of the long-term, high OAs in the Tertiary of north central
Iceland have not been sufficiently integrated into conceptual models of ~ N-trending
zonal volcanism and large-scale rift zone jumps. Sæmundsson (1974) suggested that the
older basalt pile in Flateyjarskagi was probably formed along the SSZ to the west, and
then drifted to the east. However, such drift along plate flow lines does not jibe with the
high OAs. Another possibility is that the older basalt pile in Flateyjarskagi was generated
along the proto-NVZ, but the high OAs in the southern part of the region (where the dips
are not affected by the transform shearing or flexuring; for example, in western
Dalsmynni) again indicate that those local isochrons were at very high angles to the Ntrending crustal accretion zone.
The distribution of hiatuses along the flanks of the NVZ (Figure 5-4) suggests
that prior to ~ 6-7 Ma the northernmost limit of associated volcanism migrated to the
south toward central Iceland, where there apparently was no pause in volcanic
production. Thus the proto-NVZ appears to have been amagmatic along its northern
extent from ~ 7-9.5 Ma (9.5 Ma is the approximate age of the youngest flows in the older
basalt pile in Flateyjarskagi). The high OAs to the W and SW of Flateyjarskagi (Figure
5-10) also imply southerly migration of volcanic production over a time period including
7-9.5 Ma. These inferences suggest the possibility that a WNW-trending, oblique
volcanic zone covering much of north central Iceland was contiguous with the protoNVZ to the east, and the now-extinct SSZ to the west. Southerly migration of the loci of
volcanic production appears to have occurred across the entirety of this speculative,
transverse volcanic zone that was ~ 150 km wide along an E-W direction. The key
element of this hypothesis is the existence of spatially widespread, transverse volcanism
that migrated to the south from ~ 7-9.5 Ma. Such volcanism is reasonably categorized as
diffuse, versus the zonal volcanism that is usually associated with conceptual models of
crustal accretion in Iceland. At ~ 7 Ma, major reorganization of the spreading system
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occurred and the N-trending, present NVZ became (re)established and generated the
younger basalt pile.

Older Crust is Submerged in North Central Iceland
Regional age distribution suggests limits to the explanatory scope of the
hypothesis of a singular eastward jump of spreading rift zone activity, ~ 6-7 Ma, in north
Iceland. In this model, all preflexure age lavas in north Iceland originated in the SSZ.
With the NVZ flexures “closed” together, as at ~ 7 Ma, the spreading direction parallel
separation of the east Iceland 10 Ma isochron and the northwest peninsula 10 Ma
isochron is such that the east Iceland rocks are still more than three times farther from the
SSZ axis than similar ages rocks of the northwest peninsula. Vogt et al. (1980) reported a
symmetrical total spreading rate of 2 cm/yr over the last 12-14 Ma, based on an analysis
of the marine magnetic anomaly pattern north of Iceland. Lack of evidence for
pronounced asymmetric spreading rates over this time period (and the absence of a
regional synclinal structure in the Tertiary series of northeast Iceland) suggests that the
older rocks of northeast Iceland formed in a rift zone located in a position roughly
equivalent to the present NVZ. As previously discussed, in our model, northwest to east
to northeast curving isochrons in north central Iceland reflect subsidence-imparted strike
lines affected by synchronous volcanic activity in the SSZ, the CHTZ, and the protoNVZ. Lavas ≥ 7 Ma in north central Iceland become younger downdip, toward central
Iceland, and define isochrons largely nonparallel to the northerly trend of the volcanic rift
zones.
Foulger and Anderson (2005) and Foulger (2006) have discussed the implications
of the distribution of the older rocks in Iceland. As previously discussed, the oldest rocks
outcropping in the far northwest coast of Iceland are ~ 16 Ma, and along the eastern coast
of Iceland are ~ 13 Ma (shown on Figure 5-1). These rocks are separated by up to 500
km measured along the spreading direction of 105°. The full spreading rate in Iceland
has been ~ 2 cm/yr throughout the Cenozoic (Nunns, 1983) – at this rate 16 Ma and 13
Ma rocks erupted from a single rift zone would be separated by only ~ 290 km of
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accreted oceanic crust. The additional 210 km of crust (= 500 – 290) must have formed
earlier and be covered by younger lavas. If this crust formed symmetrically on both sides
of a spreading zone at the full rate of 2 cm/yr, it would have taken ~ 10.5 Ma to form. If
it formed on one plate only, it would have taken ~ 21 Ma to form. Therefore, the
maximum age of this older crust is between 26.5 Ma (= 16 + 10.5) and 37 Ma (= 16 +
21). Oceanic crust even older than 37 Ma could be present, but no evidence requires this.
Foulger and Anderson (2005) have presented serial plate reconstruction diagrams
(their Figure 6) for Iceland and the adjacent seafloor for the last 15 Ma, which propose
where the older, submerged crust is present beneath the younger volcanic cover.
Foulger (2006) outlined two end-member possibilities for the spatial distribution
of the older crust: (1) it forms a coherent oceanic microplate, analogous to the Easter
microplate, underlying central Iceland; or (2) the older crust is widely distributed
throughout Iceland, due to the development of new spreading zones associated with rift
jumps. The first possibility implies that a captured oceanic microplate, with crust as old
as 37 Ma, presently lies west of the NVZ and is submerged beneath the younger lavas
that show the high OAs in this region (Figure 5-10). Combinations of these two
scenarios are also possible.
Some of the older captured crust might be continental, if the Jay Mayen
microcontinent (Figure 5-1) extended farther to the south than suggested in
reconstructions by Bott (1985) (Figure 5-2). Any such continental crust is likely to be
very narrow or splintered, since a large mass would have strong and widespread influence
on the petrology of Icelandic basalts (e.g., raising Sr87/Sr86 ratios), which is not observed.
However, evidence for some continental crust is provided by elevated Sr87/Sr86 and Pb
isotope ratios from xenoliths in basalts from Oraefajökull (near the SE coast of Iceland,
shown on Figure 5-1) (Prestvik et al., 2001); and from U-Pb results on zircons separated
from an ignimbrite (~ 12.5 Ma) in NE Iceland, most of which yielded ages of ~ 126-242
Ma (Paquette et al., 2006).
Although it is difficult to envision volcanic processes that could submerge such a
potentially large block of older crust, it is also difficult to dispense with the inferred
requirement for a ~ 210-km wide mass of submerged crust in Iceland that is older than
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any exposed at the surface. Hjartarson (2003, p. 109) addressed the “dilemma between
spreading rate and rock age” in Iceland (described earlier) by concluding that for the last
14 Ma Iceland spreading has occurred at the full rate of 3.4 cm/yr. This is ~ 70% faster
than the ~ 2 cm/yr rate measured for the nearby Reykjanes and Kolbeinsey ridges, and
such a faster rate is untenable in terms of long-term regional kinematics and extensional
strain compatibility.
In summary, robust conceptual models of crustal accretion in north central Iceland
need to incorporate two unusual geologic characteristics that are spatially associated: (1)
the regional presence of high OAs in flows from ~ 7-11+ Ma, which imply offlap of
volcanic production to the south over that time period; and (2) the inferred presence of
submerged oceanic crust that may be as old as 37 Ma.

Comparisons with Alternate Conceptual Models for Spreading History in North
Iceland
Although much has been published regarding the spreading history of north
Iceland, two recent papers have presented creative interpretations on this topic. These
alternate conceptual models are compared with the crustal-accretion model presented in
this dissertation.
Garcia et al. (2003) applied Ar40/Ar39 radiometric dating to 37 dikes projected into
a 350-km long, WNW-trending profile across north-central and northeast Iceland,
encompassing the older basalt piles, flexure zones, and unconformities flanking the NVZ.
They concluded that the main former paleo-rift zone axis to the west was not along the
SSZ, but 60 km to the east of there along a previously unknown paleo-rift that they called
the Skagafjörður paleo-rift (SPR). It should be noted that the SPR of Garcia et al. is
much older and more long-lived than the similarly named but short-lived Skagafjörður
Rift Zone of Hjartarson (2003) which was described earlier. Although the axes of these
two proposed extinct rift zones are approximately coincident, Hjartarson’s proposed
volcanism occurred after that proposed by Garcia et al.
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The age of inception of the SPR was not explicitly stated, but their spreading
velocity analysis was extrapolated back to ~ 11 Ma, and the SPR remained active until 3
Ma. Garcia et al. proposed that the NVZ initiated ~ 8-8.5 Ma; thus there was dual
spreading in north Iceland, along the SPR and the NVZ for ~ 5-5.5 Ma. During this
period, their simultaneous accretion rates were nearly equal but with asymmetrical
opening comprising faster (half-rates) spreading on the flanks external to Tröllaskagi and
Flateyjarskagi, such that the two rift zones migrated away from each other.
To our knowledge, Garcia et al. presented the first major study of regionally
sampled dike dating in Iceland. They provide interesting data and conclusions, but there
are some drawbacks to the approach. They stated that for evaluation of spreading rates
and rift jumps, dates from dikes are more reliable than dates from lavas because lavas
could have flowed tens of km from their eruptive source. But in dating only dikes their
analysis dismissed the ages of the stratigraphy which the dikes intrude. There is no
acknowledgment that in the long stretch of their profile (and plane of projected cross
section; see their Figure 2) across Tröllaskagi and well south of Flateyjarskagi, the older
basalt-pile flows become older to the north in both peninsulas. For example, there is no
inherent justification for projecting the ages of variably oriented dikes from north
Flateyarskagi to the south by ~ 75 km, into the plane of their profile and cross section.
This problem is exacerbated by the high OAs in these flows that were discussed earlier in
this paper.
One reason that virtually all of the radiometric dating in Iceland has been done in
lavas, is that long stratigraphic sequences provide a valuable degree of internal control
(because of flow superposition) on the dates, which optimally can also allow correlation
of the magnetostratigraphy with the polarity time scale. Garcia et al. have trouble
incorporating some of their dike dates < 3 Ma from the Skagafjörður region with their
proposed time of activity along the SPR (although some of these dates do fit the proposed
time of volcanic activity along the younger, empheral Skagafjörður Rift Zone of
Hjartarson, 2003). Similarly, the K/Ar dates on flows from Skagi that are < 3 Ma
(Everts, 1975) are problematic for the model of Garcia et al. The spreading model of
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Garcia et al. does not adequately account for the possibility of NVZ-related dike injection
outside of the NVZ (Walker, 1974; Jancin et al., 1985).
It is not easy to dismiss the key paleo-accretion role played by the SSZ (in this
case, we are concerned with the northern part of the SSZ, in the vicinity of Skagi and
Húnaflói bay just to the west). The SSZ axis is synclinal, and the flows along both flanks
get progressively older updip for very long time spans relative to the subaerial time
record in Iceland. There are at least four sources of radiometric ages (mostly using K/Ar)
of the youngest flows along the core zone of the northern SSZ axis: (1) Cotman (1979),
indicating cessation of Tertiary volcanism ~ 6-7 Ma; (2) Everts et al. (1972), indicating
the same; (3) Kristjánsson et al. (1992) who determined ages of ~ 7 to 8 Ma in
Langidalur, just to the west of the paleo-spreading axis; and (4) nine new Ar/Ar dates
indicating local cessation of SSZ magmatism at 7.0 Ma (data produced as part of the
Keck consortium Skagi project, in the following unpublished project report: Geology of
an Abandoned Oceanic Rift: The Skagi Area, North-Central Iceland: by Brennan Jordan
(The College of Wooster), John Winter (Whitman College), and Rick Hazlett (Pomona
College); undated but addressing the 2003 field season; 4 p. (but non-paginated); the date
of 7.0 Ma was from a coarse-grained intrusion, but flows in the adjacent region were
dated between 7.1-8.6 Ma).
The proposed SPR dike injection activity occurred from at least 11 Ma to 3 Ma.
Presumably such long-term dike injection along the SPR axis, over a period of 8 m.y.,
would have been associated with the buildup of a lava pile that acquired synclinal
structure from subsidence and spreading. Garcia et al. (2008, their Figure 3) show
regional mapping of lava dips over a large area including their SPR axis. Across
Skagafjörður, the flanks of E Skagi and W Tröllaskagi do show flows locally dipping
inward toward the proposed SPR axis along the fjord. However, to the south of the fjord
for ~ 100 km, to Hofsjökull, there is no synclinal structure to the basalt pile. Regardless
of the sampled dike ages, there is no structural or stratigraphic evidence suggesting that
the SPR was a long-lived zone of crustal accretion.
Garcia et al., in their Figure 6, show a plate reconstruction at the time of the
“new” rift initiation 8.1 Ma (this refers to the NVZ), and another reconstruction at the
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time of their SPR paleo-rift extinction at 2.9 Ma. For geographic reference, the modern
coastline is shown for east Iceland and north central Iceland. Their reconstructions
indicate that the entire area of Flateyjarskagi formed between 8.1 and 2.9 Ma. However,
the age of the older basalt pile in Flateyjarskagi spans ~ 9.5-13+ Ma. Their
reconstruction does not conform to the age of the stratigraphy in Flateyjarskagi (see
Chapter 2 of this dissertation).
Next we consider the conceptual model of Bourgeois et al. (2005). They
proposed that lithospheric spreading in Iceland is accommodated in a 200-km wide
deformation strip, by the development of a system of half-grabens controlled by growth
faults. They state that similar extinct structures, with varied facing directions, are
preserved in the island’s lava piles. These structures are classified as lithospheric
rollover anticlines that developed in the hanging walls of listric faults. Their tectonic
model of accretion invokes activation, growth and decay of an individual growth-fault
system over a few m.y. During periods of activity, active magma chambers formed along
the base of the brittle crust (~ 5 km depth) beneath the listric faults in the footwall blocks.
Such systems formed successively at different places within the 200-km wide, diffuse
plate boundary.
Bourgeois et al. discuss considerable detail about the structures associated with
the major, SE-dipping flexure zone in Flateyjarskagi. This flexure zone is well exposed
in the WNW-trending Dalsmynni valley in southern Flateyjarskagi (located between
letters A and B in Figure 5-5; also see Figure 2-2 in Chapter 2 of this dissertation, which
provides relevant geographic locations). Along the adjacent, N-trending valley of
Flateyjardalur, they infer the presence of a major, W-dipping listric fault, such that the
hanging wall is on the W side of the fault: the W fault block is shown as downdropped.
In our WNW-trending cross section in this area (see Figure 2-13 in Chapter 2) and related
discussion, we inferred that the SE-dipping flexuring was tied to subsidence to the SE
which formed a paleo-basin within which the younger basalt pile accumulated. A related
inference is that the older, flexured basalts exposed in Dalsmynni are present at greater
depth to the SE, where they are buried by the younger basalts.
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Bourgeois et al. provide an interpretive WNW-trending cross section through this
same area (their Figure 11). It shows the inferred, former presence of the younger basalt
pile filling a paleo-valley along southern Flateyjardalur and covering the older, flexured
basalts. Jancin et al. (1985; Chapter 2) reached this same conclusion because (1) some
post-flexure age, subvertical dikes cut the flexured sequence, and (2) in the most steeply
dipping, easterly exposures of the flexured flows, the vesicles contain horizontal
chalcedony laminae (see Figure 2-2, Chapter 2), indicating that vesicle filling in this
location occurred after the flexuring. Furthermore, zeolite zones appear to be horizontal
across the flexure zone. All these observations suggest that after the flexuring was
finished, the younger basalt pile buried the flexured flows (though these younger flows
are now entirely eroded away at this location).
Bourgeois et al. (their Figure 11) show synclinal drag folding of the older,
flexured flows along the W side of the proposed listric fault, which is coupled with an
anticline in these older flows along the E side of the proposed fault. However, we have
observed no indication of such fold structures along, or across the width of,
Flateyjardalur.
Their same Figure 11 shows that the older basalt pile to the east of the listric fault,
in the footwall block, at an elevation ~ 1.5 km higher than these same, older flows within
the adjacent, downdropped, hanging-wall block to the W. At the latitude of Dalsmynni
and to the east, the older basalt pile has only a few exposures because of the extensive
cover of ground moraine. The exposed, continuous basalt pile here entirely comprises
the younger (post-flexure) basalts. Thus the interpretation of Bourgeois et al. in their
Figure 11 is difficult to test in this location, given the bedrock exposures.
However, it is important to note that the younger basalt pile, which generally dips
gently to the SE, can be traced continuously to the south to excellent exposures in the
WNW-trending valley of Ljósavatnsskarð (see Figure 2-2, Chapter 2). Here, the younger
flows are exposed at elevations below 200 m (and the older basalt pile is buried here at
lower elevations, but it is not exposed). To the WNW of Ljósavatnsskarð and along the
west flank of Fnjóskadalur (the latter is the southern extension of Flateyjardalur), all of
the exposed, flexured bedrock comprises the older basalt pile. The highest exposures
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here have an elevation of ~ 600 m. Given the elevation distribution of the older and
younger basalt piles in this area, it is not possible to conclude that a major fault (listric or
otherwise) has caused large (1+ km) downthrows to the W. The older, buried basalt pile
to the E of any such fault must be on the downthrown (or generally subsided) block.
Therefore, in one particular locality and example discussed by Bourgeois et al., a
locality with which we are familiar, their proposed listric fault model seems
inappropriate. Neither their proposed 200-km wide, N-trending deformation band in
north Iceland, nor the constituent N-trending half-grabens and growth faults, address the
presence of long-term, large OAs in north central Iceland, or the apparent requirement for
a very large area of older, submerged oceanic crust in this same region. However, their
paper is creative, provocative, and attempts a very comprehensive synthesis of the
authors’ own widespread field observations with the published literature (they cite 114
references).

Conclusions
Based on radiometric dating, two extinct rift zones occur in western Iceland: the
Western Fjords Zone (trending NE with an axis offshore of the Vestfirdir peninsula)
which became extinct ~ 15 Ma (Harðarson et al., 1997), and the Snæfellsnes-Skagi Zone
(trending ENE to N) which became extinct ~ 7 Ma. See Figure 5-1 for a bathymetric and
tectonic map of the Iceland region. Much of the tectonic literature on Iceland states that
spreading in north Iceland has always occurred along a single rift zone that migrated or
jumped to the east and that the Northern Volcanic Zone (NVZ) developed ~ 7 Ma when
activity at the Snæfellsnes-Skagi Zone (SSZ) ceased. However, as discussed by Jancin et
al. (1985) and Foulger (2006), this is not compatible with observations. Radiometric
ages, regional isochrons, unconformities, tectonic relationships, regional lava dips, and
timing constraints for Flateyjarskagi shear-zone deformation associated with the Tjörnes
Fracture Zone (TFZ), show that spreading about a proto-NVZ has occurred since ~ 13+
Ma (Jancin et al., 1985; 1995; also see Chapter 4 of this dissertation).
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Bott (1985) interpreted marine magnetic isochrons and the structure of the
Icelandic shelf edge to suggest that such proto-NVZ spreading started at ~ 26 Ma (Figure
5-2). Therefore, both on-land and marine evidence suggest that prior to ~ 7 Ma, north
Iceland experienced spreading along parallel (or dual) volcanic rift zones, as presently
occurs in south Iceland (Figure 5-1, along the Western Volcanic Zone and Eastern
Volcanic Zone).
Robust conceptual models of crustal accretion in north central Iceland need to
incorporate two unusual geologic characteristics that are spatially associated over a width
of ~ 125 km: (1) the regional presence of high obliquity angles in flows from ~ 7-11+
Ma, which imply offlap of volcanic production to the south over that time period; and (2)
the inferred presence of submerged oceanic crust that may be as old as 37 Ma. (Obliquity
angles are defined as the acute angles between the strike of local extensional structures
and local lava pile strikes (isochrons)).
Jancin et al. (1985) reviewed the evidence for initiation of Flateyjarskagi shear
zone deformation ~ 9.5 Ma, which apparently formed in conjunction with spreading
along a forerunner of the NVZ. Along the latitude of Flateyjarskagi, this proto-NVZ was
apparently largely amagmatic from ~ 9.5 to 7 Ma, after which buildup of a major younger
basalt pile in this area started. In northern Flateyjarskagi, this amagmatic period
apparently coincided with (1) large tectonic rotations about subvertical axes due to TFZ
shearing, and (2) the imposition of the steep NW lava dips that are associated with large
rotational normal faulting that reflects regional extensional strain of ~ 13% along a
WNW-ESE direction (based on mapping of exposures on-land just to the south of the
Húsavík-Flatey fault within the TFZ).
In our conceptual model for the volcano-tectonic evolution of north Iceland, dual
N-trending spreading zones occurred in north Iceland from ~ 15 to 7 Ma, along the
western SSZ and the eastern proto-NVZ (separated by ~ 130 km at 7 Ma). After
approximately 7 Ma, spreading reorganized in north Iceland and occurred primarily along
the NVZ, along which it continues to present. The TFZ may be a very long-lived
transform zone that started ~ 26 Ma (Bott, 1985), sharing characteristics with a highly
oblique rift zone.
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Sæmundsson (1974) proposed that a major eastward rift jump initiated the NVZ
and TFZ within relatively old and thick oceanic lithosphere. An alternative model has
been proposed by Jancin et al. (1985) in which TFZ shear rotation within exposed
bedrock was caused by spreading along a proto-NVZ that was one of two parallel, coeval
spreading zones in north Iceland. A large area of approximately E-W trending lava
isochrons in the Tertiary series of north central Iceland, in flows from > 11 Ma to ~ 7 Ma,
has an N-S extent of ~ 150 km. Such isochrons are subparallel to presumed plate flow
lines; in other areas of Iceland, as along the crust flanking most submarine spreading
ridges, isochrons are approximately perpendicular to plate flow lines.
We suggest that over much of north central Iceland, a broad E-W trending region
between the SSZ and proto-NVZ underwent diffuse, non-zonal crustal accretion. Lava
isochrons and dips indicate that this broad region of volcanism retreated to the S over a
time period from > 11 Ma to ~ 7 Ma.
The duration of the hiatuses flanking the NVZ generally decreases from north to
south, and they apparently disappear given the existence of several very long, continuous
stratigraphic sections which lack significant hiatuses. This suggests that volcanic
production along central Iceland has been quite continuous during the last 13 Ma, and
that the NVZ hiatuses were developed by a combination of (1) southward retreat of the
zonal volcanism along a proto-NVZ from ~ 9.5 to 6.5-7 Ma (after which renewed zonal
volcanism along the re-established NVZ occurred as far north as Flateyjarskagi, resulting
in the accumulation of the younger basalt pile), and (2) the age distribution of the
flexured, older basalts that were buried by the renewed NVZ volcanism. Volcanic rift
zone activity at a given location along most of the NVZ has been relatively transient,
while more southerly (“hotspot”?) volcanism in central Iceland has persisted for at least
13 Ma.
Our proposed conceptual model is relatively complex and unconventional. In this
chapter, we have examined two other rather unconventional models addressing the
volcano-tectonic evolution of north central Iceland (Garcia et al., 2003; and Bourgeois et
al., 2005). Bourgeois et al. discussed a proposed listric faulting model with examples
including the major flexure zone in the older basalt pile in southern Flateyjarskagi. Our
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critical evaluation of this case example of their model suggests that it does not conform to
the observed structures and the elevation distribution of the older and younger basalt piles
in this region.
Garcia et al. presented a large number of new Ar/Ar dates on dikes in north
central Iceland, and they proposed a previously unrecognized paleo-rift zone along
Skagafjörður. Given that this paleo-rift was suggested to have been active for ~ 8 m.y., it
is surprising that there is no synclinal structure to the basalt pile along the paleo-rift axis.
Their conceptual model does not attempt to integrate the dike dates with the ages and
orientations of the adjacent lava piles. Regardless of the sampled dike ages, there is no
structural or stratigraphic evidence suggesting that their Skagafjörður paleo-rift was a
long-lived zone of crustal accretion.
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Figure 5-1: Map of the Iceland region showing bathymetric contours and tectonic features (after Foulger,
2006). Oceanic magnetic anomalies (Nunns, 1983) are labeled with anomaly number. Approximate ages
in Ma are shown in parentheses after the anomaly number on the eastern flank of the Reykjanes Ridge.
JMM: Jan Mayen microcontinent. Thick black lines: axes of Reykjanes and Kolbeinsey ridges; thin lines
on land: outlines of neovolcanic zones; gray: individual rift zone spreading segments; white: glaciers.
WVZ, EVZ, NVZ: Western, Eastern, Northern Volcanic Zones; TFZ, Tjörnes Fracture Zone. Individual
faults trending NW within and south of TFZ are shown by lines, dotted where uncertain. Dashed lines:
extinct rift zones (two in west Iceland and two in east Iceland); WFU: Western Fjords Unconformity.
Lavas NW of this unconformity formed at an extinct rift zone that lies offshore. Black dots: locations of
rocks dated at 16 ± 0.3 Ma and 12.92 ± 0.14 Ma (Moorbath et al., 1968; Ross & Mussett, 1976; Harðarson
et al., 1997). WNW-trending line with arrowheads shows the width of oceanic crust predicted to separate
the 16 and 13 Ma isochrons, given a full spreading rate of ~ 2 cm/yr (this is much less than the distance
between the onland outcrops, measured in the spreading direction).
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Figure 5-2: Plate boundary configuration in the Iceland region at 26 Ma (after Bott, 1985).
Light gray: continental crust; blue: oceanic crust 54-44 Ma; red: oceanic crust 44-26 Ma.
Heavy solid lines: active plate boundaries; heavy dashed lines: extinct plate boundaries and
transform faults; thin lines: bathymetric contours. KR, RR: Kolbeinsey and Reykjanes
ridges; PNVZ: proto-Northern Volcanic Zone; JMM: Jan Mayen microcontinent; FTF:
Faroe transform fault. The Aegir ridge became extinct and the PNVZ formed at ~ 26 Ma.
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Figure 5-3 (see previous page): Approximate isochron locations in the Iceland region. Strikes of
Icelandic lava isochrons generally represent dips imparted by continued lava accumulation,
subsidence, and burial along crustal accretion zones. Such isochrons are shown projected to a
planimetric base at sea level. Isochrons ≥ 7 Ma are roughly concentric to the CHTZ, while those
< 7 Ma are parallel to the present axial volcanic rift zones. Especially in north central Iceland, the
older isochrons fail to mimic the ocean-ridge subparallel alignment characteristic of isochrons
(magnetic anomalies) along the seafloor. NEIARZ = northeast Iceland axial rift zone (more
recently called the Northern Volcanic Zone); SEIARZ = southeast Iceland axial rift zone;
SWIARZ = southwest Iceland axial rift zone; CHTZ = central Iceland transverse zone; HSS =
Húnaflói-Skagi syncline; SS = Snæfellsnes syncline; BA = Borgarnes anticline; HA = Hreppar
anticline; EA = Eyjafjörður anticline; RR = Reykjanes Ridge; KR = Kolbeinsey Ridge; An 5 =
trace of marine magnetic anomaly 5.
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Figure 5-4: Major lava pile hiatuses in relation to continuous stratigraphic sections. The paired
monoclinal flexures in cental and eastern Iceland formed ~ 7 Ma. These crustal flexures led to
the development of regional unconformities; the magnitudes of the hiatuses vary with location
and apparently decrease with proximity to central Iceland. Continuous stratigraphic section
(lacking significant hiatuses) lines converge toward central Iceland, implying that rift zone
volcanic production has been relatively transient, while volcanism in central Iceland has been
continuous for at least 15 Ma. K/Ar ages from Cotman (1979), Jóhannesson (1980), and Jancin et
al. (1985).
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Figure 5-5 (see previous page): Geology of Flateyjarskagi. In the southwestern part of this
peninsula (west of the flexure axis), lava attitudes are similar to those found nearby to the south
and west in north central Iceland. With northward proximity to the Tjörnes Fracture Zone (TFZ),
lava dip lines swing to the WSW and then to the NW, with dips increasing to 30°-45° along the
north coast. Circled letters A and B in the southern area are along the northern flank of the
WNW-trending Dalsmynni valley.
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Figure 5-6: Dike trends in Flateyjarskagi. The northerly, progressive dextral reorientation of
dike trends is spatially coincident with the dextral swing in lava strikelines (shown in Figure 5-5).
An 11-km wide, Tjörnes Fracture Zone (TFZ) parallel zone of right-lateral heterogeneous shear
deformation, along the northern part of the peninsula, has accommodated an estimated 20 km of
right-lateral displacement, sometime prior to ~ 7 Ma, at which time the flexure zone formed
(flexure axis shown on Figure 5-5).
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Figure 5-7: Distribution of lava ages, dike trends, central volcanoes, and fissure swarms in
Iceland. 1, outwash and lava apron; 2, upper Pleistocene and Postglacial series (< 0.7 Ma); 3,
Plio-Pleistocene series (3.1-0.7 Ma); 4, Tertiary series (> 3.1 Ma); 5, predominant dike trend; 6,
upper Pleistocene and Postglacial volcanic system: central volcano/fissure swarm (dashed line,
inferred); 7, fissure trend; 8, flank zone; 9, regional flexure (tick marks indicate dip directions of
associated flows). This figure is after Sæmundsson (1980) except for dike trends in
Flateyjarskagi and Tjörnes. Note that fissure swarms in the southern half of Iceland typically
define right stepping, en echelon patterns, while those in the northern half are left stepping. Dike
trends generally parallel the present volcanic rift zones, with noteworthy exceptions in
Flateyjarskagi and Tjörnes.
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Figure 5-8: Definition of Obliquity Angle (OA). The angle between trends of central-volcano
related fissure swarms, dikes, and faults, and regionally adjacent approximate lava isochrons,
defines the OA. OAs are measured from the isochron to the extensional structures, and may vary
from 0°-90°; clockwise angles are (+), counter-clockwise (-).
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Figure 5-9: Obliquity angles within the ~ 7-13 Ma sequence of eastern Iceland.
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Figure 5-10: Obliquity angles within the ~ 7-11+ Ma sequence of north central Iceland.
NEIARZ = northeast Iceland axial rift zone (more recently called the Northern Volcanic
Zone).
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