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ABSTRACT

The Volcanic History and Geochemical Evolution
of the Hveragerdi Region, S. W. Iceland.

Cherry Walker, University of Durham, 1992

The Hveragerdi Region is situated at the Hengill Triple junction, SW Iceland, where there
are three volcanic systems. The crust in the area is constructed from both fissure (elongate) and
lava shield (conical) eruptive units. Hengill is the presently active spreading zone with the Hengill
Central Volcano, whereas the Hveragerdi region is inactive with the extinct Grensdalur Central
Volcano. Recent geophysical research indicates the presence of high and low density volumes
within the upper 5 km of the crust in this area. The location of the density anomalies coincides with
surface geological features, such as Recent lava shields, and the extinct and active central
volcanoes.

A geological map of the Hveragerdi Volcanic System has been constructed, and
approximately 450 basaltic samples have been examined petrographically and analysed for whole-
rock, volcanic glass and mineral chemical data from this region. Observations from these data,
coupled with the geological and geophysical observations, suggest that the lava shields are fed
straight from the base of the crust, whereas fissure eruptions originate from shallow crustal
reservoirs The character of the crustal reservoir has been highly variable in the past 1 Ma, and has
varied from a melt-dominated reservoir, to a crystal mush-dominated one.

Each lava shield is compositionally distinct and is thought to preserve the mantle-melting
signature. The compositional variation amongst the lava shields suggests that instantaneous melts
are able to segregate from the mantle without complete mixing with accumulated melts from the
entire length of the melting column. The depleted instantaneous melts from the crest and top of the
melting column will either form picritic lava shields or they may interact with more fractionated
crustal reservoirs and undergo quench crystallisation of megacrystic plagioclase (An 80-90). These
crystals with associated pyroxene and olivine become flototion cumulates. There are episodes
within the stratigraphy where off-axis lava shield and highly megacrystic fissure eruptions
dominate, and such periods may represent periods of low magma supply.

On the submerged mid-ocean ridges, linear and conical features are also observed, and
these may be analogous to the fissure and lava shields, respectively. The basalt types reported here
from the Hveragerdi region have also been reported off-shore, and they may therefore represent
basalts derived from similar magmatic processes in a similar magmatic plumbing system.
However, an initial observation of the relationship of 12 dredged basalts from 63°10'N on the
Reykjanes Ridge suggests that this is not the case at this locality.
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Chapter 1

Introduction

1.1) Tectonics of Iceland

Iceland is an island in the North Atlantic Ocean at approximately 65°N and
20°W. The land mass is a result of the coexistence and interaction of two phenomena:
a constructive plate boundary; and a mantle plume, expressed at the surface as the
Icelandic hotspot. Excessive magma production from the hot plume has produced the
Icelandic plateau (McKenzie, 1984) on which the constructive plate boundary is
expressed as a complicated arrangement of active volcanic and seismic zones (Figure
1.1) (Ward, 1971; Pilmason & Samundsson, 1974; Szmundsson, 1974; 1979;
Einarsson, 1991).

The three main actively spreading volcanic zones are the Western, Eastern and
Northern volcanic zones (Figure 1.1). The Western Volcanic Zone (WVZ) is the on-
land continuation of the Reykjanes Ridge and extends inland becoming progressively
wider and trending dominantly NE. The Northern Volcanic Zone (NVZ) has a more
northerly trend, and extends from the north coast of Iceland to the Vatnajokull
glacier. The Eastern Volcanic Zone (EVZ) is the widest (72 km) and trends NE,
subparallel to the WVZ from Vatnajokull, as far south as the Westman Islands. A
comparatively small volcanic zone, the Orzfajokull Volcanic Zone (OVZ) crosses the
east corner of Vatnajokull (Steinthorsson et al, 1985). There is possibly a fifth zone
trending E-W on the Snafellsnes Peninsula in west Iceland, the Snafellsnes Volcanic

Zone (SVZ).

The term "neovolcanic zone" in Icelandic literature refers to all the regions
where volcanic material has erupted during Postglacial times and includes all the
volcanic zones mentioned above. The WVZ and NVZ, together with the northern half
of the EVZ, form the axial rift zone and are regarded as similar to a typical mid-
ocean ridge environment. The southern half of the EVZ, and the OVZ and SVZ are
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referred to as flank or lateral zones (Szmundsson, 1978), as many of their volcano-

tectonic properties differ from those of the other volcanic zones.

25w 15°wW

Figure 1.1: Tectonic map of Iceland and the surrounding region. NVZ = Northern Volcanic Zone;
WVZ = Western Volcanic Zone; EVZ = Eastern Volcanic Zone; SVZ = Sncefellsnes Volcanic Zone;
OVZ = Orefajokull Volcanic Zone; TFZ = Tjornes Fracwure Zone; SISZ = South Iceland Seismic
Zone; The axial and flank zones are differentiated accordingly. Names referred to in the text include:
K=Krafla; L=Laki & Eldgjd; St=Skaftafell; S=Skégar; RP=Reykjanes Peninsula; SP=Sneafellsnes
Peninsula.

There are two regions of high seismicity on the Iceland plateau which are
comparable to transform zones found on mid-ocean ridges (Einarsson, 1991). The
Tjornes Fracture Zone (TFZ) on the north coast of Iceland connects and offsets the
subaerial NVZ from the submarine Kolbeinsey Ridge. In the south of Iceland there is
an E-W trending zone of high seismicity known as the South Iceland Seismic Zone
(SISZ) (Einarsson et al, 1981). It connects the WVZ and EVZ without laterally
offsetting either of them, but it does influence the tectonic fabric within each. In the
southern part of the EVZ the topographic fabric is deflected from the normal NE
trend to an E-W orientation, and in the WVZ, faults and fissures deviate from the
normal NE trend to a N-S orientation (Semundsson, 1967). The southernmost tip of




Introduction

the EVZ is estimated to have propagated from north to south at a rate of 3.5-5 cm yr-'
1 bringing the transient SISZ with it (Einarsson, 1988).

The axial rift and flank zones are segmented to form volcanic systems
(Szmundsson, 1978) (Figure 1.2). These are composed of a set of parallel eruptive
ridges and fissures and represent a grouping of eruption sites that are spatially and
temporally related. In this thesis, the term "eruption unit" refers to a single eruption
event with a clear beginning and an end (usually defined by sediment deposition
and/or erosion). Non-orthogonal spreading has resulted in an en echelon arrangement
of the volcanic systems within the axial rift zones which facilitates recognition of
each system (Figure 1.2). When the systems are arranged orthogonally it is harder to

define their longitudinal extent.

1
22°W

Figure 1.2: A map of Iceland indicating the locations of the volcanic systems (stippled) and central
volcanoes (black) of the neovolcanic zone (after Jakobsson, 1979b).

Volcanic systems vary in length from 17 to 30 km, in width from 5 to 10 km
(Jakobsson, 1979a), and may persist for 0.3-1 Ma (Semundsson, 1979). They usually
contain a central volcano (G. P. L. Walker, 1963; Szmundsson, 1978) which
displays a combination of the following features: a high-temperature geothermal
system; a radial component of stress, evident from the late-stage eruptive fissures; an
increase in the percentage of intrusives; repeated fissure eruptions at one site; a
qaldera; the presence of intermediate and acidic rocks. The diameter of the central
volcano approximately equals the width of the fissure swarm. These volcanoes have
magma reservoirs in the order of 10's of cubic km in volume that exist at shallow
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levels in the crust (<5 km) (Palmason, 1971; G. P. L. Walker, 1974; Bjomnsson et al.,
1977; Einarsson, 1978; Fiévenz, 1980; Foulger & Toomey, 1989). These volcanoes
are not equivalent to the "central volcanoes" described from of the East Pacific Rise
(EPR) (Searle, 1983; Macdonald, 1986), or those on the South Atlantic mid-ocean
ridge (MOR) at 26°S (Batiza et al., 1989), but appear to be peculiar to Iceland.

The sub-surface structure of Iceland has been investigated using a number of
geophysical methods, including gravity (e.g. Thorbergsson et al., 1990), various
seismic techniques (Pialmason, 1971; Reykjanes Ridge Iceland Seismic Project
[RRISP], 1980; Foulger & Toomey, 1989) and electrical studies (Beblo & Bjémnsson,
1978; 1980; Hersir et al., 1984). Collectively, they infer that the lithosphere is 8-10
km thick at the axial rift zone, and thicker on the margins of the plateau (20-30 km).
The crustal part of the lithosphere is of variable thickness over the plateau, and is
thickest under the EVZ flank zone, and older crust in NW Iceland (summary in
Flévenz & Gunnarsson, 1991). The structure within the crust is found to be
heterogeneous in its physical properties at the axial zone and away from it. Eruptive
products exposed at the surface, and observed in seismic reflection profiles, dip
towards the neovolcanic zone by 10-15° (Szmundsson, 1979; Zverev et al., 1980)
and, in older crust, small synclines are seen. These are thought to represent previous
locations of the spreading axis and indicate jumps of the order of tens of km
(Helgason, 1985; 1989). This process has been occurring for at least 27 Ma (e.g.
Helgason, 1984; Jancin et al., 1985; Steinthérsson et al.,, 1985; summary in C. L.
Walker, 1991).

1.2) Geology of Iceland
1.2.1) Rock types and ages

The Icelandic crust is thought to be composed of at least 2-6 km of extrusive
material (Palmason, 1971; Szmundsson, 1979; Zverev et al., 1980; Flovenz &
Gunnarsson, 1991), which is generally more than the 2 km of extrusives in oceanic
crust (e.g. White, 1989). The exposed part of the Icelandic crust is composed of 80-
85% basalt and 10-15% of intermediate and acidic rocks. Most of the latter occurs as
intrusions (Szmundsson, 1979). The igneous rocks observed on Iceland include both
alkali and tholeiitic varieties, which are found in distinct parts of the island. The
alkali series is restricted to the flank zones, whereas the tholeiitic series is found in
the axial rift zone (Jakobsson, 1979a). The tholeiitic basalts occur as three

petrographic types: 1) olivine tholeiites; 2) aphyric tholeiites; and 3) highly
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porphyritic tholeiites (Semundsson, 1979). The volcanic products are divided into
four stratigraphic sub-divisions: i) the Postglacial (<9,000-13,000 years) ii) the Upper
Pleistocene (younger than 0.7 Ma, excluding the Postglacial); iii) the,&*‘lelstocene (0.7-
3.1 Ma); iv) the Tertiary (older than 3.1 Ma) (Semundsson, 1979). The oldest rocks
are 16 Ma and occur in NW Iceland (Pdlmason & Szmundsson, 1974).

1.2.2) Eruptive environments

The eruptive environment dominates the morphology of Iceland's volcanic
zones (Thorarinsson, 1974), and this has fluctuated a great deal during the last few
million years. Three environments have existed: subaerial, subglacial and shallow
submarine. Subaerially erupted material forms lava flows. Each flow is guided by
pre-existing topography, such as valleys, or it may cover flat plains, burying
previously erupted material. Subglacial eruptions form hyaloclastite deposits that
build steep to vertical-sided conical mountains or elongate ridges. These are referred
to as table mountains (tuyas) and moberg ridges (tindas) respectively. During the
Tertiary, thick piles of subaerial lavas were erupted until the onset of glaciation
during the Pliocene. From this period to the Holocene, the axial rift zone was
intermittently exposed above the ice, so that the hyaloclastite deposits are intercalated
with subaerial flows. The ice retreated 9,000-13,000 years ago and most of the axial

rift zone has since experienced subaerial volcanism (Semundsson, 1979).

Erosional processes, due to the action of ice, wind, rivers and coastal seas,
have modified the original shape of the volcanic landscape. The erosional elements
exploit weaknesses in volcanic edifices such as faults and hydrothermally altered
areas. In addition, the heterogeneous nature of volcanic successions leads to
differential erosion of the topography. The Tertiary rocks of Iceland form resistant
lava plateaus, whereas the hyaloclastite edifices of the Plio-Pleistocene are easily

eroded down, even between successive eruptions within a single volcanic system.
1.2.3) Volcanic eruption types

During the Postglacial era, two types of volcanic eruption event seem to have
taken place producing either conical or linear volcanic morphologies. In the
subglacial deposits, conical and linear topographic features also occur. These two
morphological types are referred to as lava shield eruptions and fissure eruptions
respectively. There is however a continuum between these two end member
morphological features within the axial rift zone (G. P. L. Walker, 1965). Figure 1.3
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is a schematic representation of profiles for each of these morphologically distinct
volcanic features, and an impression of how the volcanic products appear in plan
view. Figure 1.4 illustrates examples of each eruption type from the WVZ
(Kjartansson, 1967; Landmalingar Islands, 1988).

a) Lava shields

Subaerial

Subgilacial

b) Fissure eruptions

= — . Subaerial

&

Subglacial

Figure 1.3: Schematic representation of profiles and plan views of the Icelandic morphologically
distinct volcanic features as they appear when erupited either subaerially or subglacially; a) lava
shields; b) fissure eruptions. The scale for each eruption type is highly variable.

Lava shields are conical edifices with an aspect ratio in plan (i.e.
length/width) usually of <2. The subaerial examples are characterised by an
accumulation of petrographically monotonous lavas erupted from a single, centrally
positioned vent, essentially as one continuous eruption (Szmundsson, 1992). The
volume of erupted material may be small or large (<1-17 km3: Jakobsson, 1979a;
Szmundsson, 1992). The edifices have low angles of slope on their flanks (1-10°)
forming domes, believed to be due to low effusion rates of the lavas (G. P. L. Walker,
1971). The subglacial variety form flat-topped, steep-sided table mountains, conical
or slightly ellipsoidal in shape. SkjaldbreiSur and Hl68ufell are classic subaerial and
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subglacial examples, respectively, of lava shields (Figure 1.4). The spatial and
temporal relationship of the lava shields to the volcanic systems varies within the
axial rift zone, and they are absent from the flank zones. Away from the axial rift
zone, in the Tertiary Icelandic crust, lava shields have also been identified in the lava
profiles (Rutten, 1964; J. Helgason, pers. comm., 1990).

a) SE NW

JideRE
o e A ARt A N RIS
el

R A A i
—~%__Hlsdutell

b) 64°28'N
F64 20'N
0 10 km
—)

Figure 1.4: Morphologically distinct types of volcanic features that occur in Iceland: (a) field sketch
of a portion of the WVZ south of the Langjékull glacier (Kjartansson, 1967). The summit if Hlobufell
is-3 km across; (b) a topographic map of the region illustrated in (a) with a contour interval of 200 m
(after Landmeelingar [slands, 1988).

The eruptive products from Fissures form typically elongate volcanic
structures, the character of which is also influenced by the eruptive environment. If
subaerial, a small number of lava flows may erupt from the fissure that usually travel
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some distance from the vent (G. P. L. Walker, 1971). The volume of erupted material
may also be small or large (<1-13.5 km3, Vilmundardéttir, 1977; Jakobsson, 1979b).
The resulting shape of the edifice at the vent is dependent on the composition of the
magmas and duraiion of the eruption, but is usually represented by a line of cinder
and/or spatter cones. The lavas do not form thick dome-shaped piles that typify
subaerial lava shields but are more laterally extensive (Figure 1.3b), even though they
may be of equivalent volume (e.g. the Laki fissure eruption and the SkjaldbreiBur
lava shield eruption are both large-volume eruptions). This is believed to be the result
of higher effusion rates for the fissure eruptions (G. P. L. Walker, 1971). The
subglacial variety of fissure eruptions form elongate undulating hills of varying
magnitude and of limited lateral extent (Figure 1.3b). Examples of subaerial and
subglacial fissure eruptions are Porofsfell and SkriButindar (Figure 1.4).

1.3) Geology and tectonics of the Hengill-Ingolfsfjall region

The study area of this thesis is approximately 400 km?2 and lies at 64°N and
21°W, within the WVZ. The previous research is extensive and is largely summarised
in Table 1.1. The area can be divided into three regions (Figure 1.5): i) the Hengill
region, which includes the presently active central volcano (reported to be the Hengill
Mountain; e.g. Bjornsson & Hersir, 1981; Foulger & Toomey, 1989) within the
Hengill Volcanic System; ii) the Hveragerdi region, which includes the extinct
Grensdalur Central Volcano within the Hveragerdi Volcanic System; and iii) the

Hrémundartindur region, which lies between the Hengill and Hveragerdi regions.

The area contains numerous eruptive units, at least four of which are lava
shields (Arnason er al, 1986; 1987). These are, in order of decreasing age,
Ingolfsfjall, H&dir, Hasmiili and Skalafell (Figure 1.5). There are other lava shields
in the area that have been either eroded or buried so that they are no longer
morphologically distinct features. However, they may still be recognised by the
geometry of the eruptive products (Rutten, 1964).

The Hengill Volcanic System is the most south-westerly in Iceland reported to
contain a central volcano (Jakobsson et al,, 1978; Amason et al., 1987) (Figure 1.2).
The lava shields of Hadir, Hismili and Skalafell are contemporaneous with this
volcanic system (Arnason et al., 1987). The Hrémundartindur Volcanic System has
very few extensional tectonic features, and the fissure-erupted ridges have lower
aspect ratios than those of the Hengill system (Figure 1.5a). No lava shields occur
within this system. The Hveragerdi Volcanic System consists of smooth linear hills



Introduction

and a horse-shoe shaped topographic-low area which is inferred to be the position of
the extinct Grensdalur Central Volcano (Bjornsson et al, 1974; Foulger & Long,
1984; Foulger & Toomey, 1989) (Figure 1.5). Ingolfsfjall is contemporancous with
the Hveragerdi Volcanic System. It is a prominent, flat-topped, slightly elongate
table mountain representing a lava shield situated 10 km SE of the Hveragerdi
village.

The Hveragerdi Volcanic System is the oldest of the three systems in the
region (Semundsson, 1967). When it became inactive at approximatelyv 200 ka, the
volcanic and tectonic activity of the area was shared between the Hengill and
Hrémundartindur systems (Arnason et al.,, 1987). The volcanism in the whole region
has alternated between fissure and lava shield type eruptions during the last 1 Ma.
The local tectonics and geology record spatial oscillations of the locus of spreading
and volcanism within the area, although the dominant trend is westward migration
(Arnason et al., 1987). There have been up to 13 km of crustal extension within this
24 km broad zone since the middle of the Pleistocene (700 ka), assuming a full
spreading rate of 1.88 cm yr-1 derived from the plate-movement model NUVEL
(DeMets et al.,, 1990).

The tectonics of the area are further complicated by the fact that the region is
a triple junction at present, and has been influenced by the southerly migration of the
SISZ (Einarsson, 1988). This seismic zone is thought to be currently located to the
south of the study area. The orientation of faults and recent eruptive fissures in the
zone is N-S, reflecting a change from an extensional-fault to a shear-fault mode of
deformation (Foulger, 1988b). A study of local seismicity also suggests that
deformation occurs on N-S orientated fault planes (Foulger, 1988b).

Magnetotelluric measurements suggest that the lithospheric thickness beneath
the Hengill Volcanic System is 7.5-8 km, below which there is a 3 km thick layer of
high conductivity (Hersir, 1980; Bjornsson & Hersir, 1981; Hersir et al.,, 1984). This
high-conductivity layer is interpreted as the melt-rich top of the asthenosphere at the
crust-mantle boundary (Beblo & Bjornsson, 1978; 1980; Hersir et al, 1984).
Earthquakes are absent deeper than 10 km (Foulger, 1988a) which complies with this
interpretation. Seismic and gravity studies show that the crust is laterally
heterogeneous (Flovenz, 1980; Thorbergsson et al., 1984; Foulger & Toomey, 1989).
The zone with a high velocity gradient, which may be the extrusive layer, is only 2
km thick here (Foulger & Toomey, 1989).
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Chapter 1

Drilling in the Nesjavellir valley, to the north of the Hengill mountain, has
mapped the upper 2 km of crust in that region (Franzson et al., 1986; Franzson, 1988).
At 1800 m below sea level the crust is composed of 80-100% intrusives and the

alteration is in the epidote facies.

Earth Science Field

Technique

Region

References

Geology

Mapping

Hengill &
Hrémundartindur

Szmundsson, 1967.
Arnason et al., 1987.
McFarlane, 1990.
Postlethwaite, 1990.
Pullinger, 1991.

Hveragerdi-Ingolfsfjall

Einarsson, 1951; 1962.
Eiriksson, 1973.
Jénsson, 1989.

Petrology and
Geochemistry

Petro-
geochemical

Hengill and
Hrémundartindur.

Jonsson, 1977.
Hardardéttir, 1983; 1986.
Tronnes, 1990.
Hansteen, 1991.

Geophysics

Electrical

SW Iceland

2

Hersir, 1980.
Hersir et al., 1984.

Study area

Bjornsson et al., 1974.
Bijornsson & Hersir, 1981.

All of Iceland

Hermance & Grillot, 1970; 1974,
Grillot, 1973.
Hermance, 1973.

Seismic
Refraction/
reflection

SW Iceland

Pélmason, 1971; 1973.
Zverev et al., 1980.
Gebrande et al., 1980.
Flévenz, 1980.

Earthquake
Scismology

Study area

Foulger & Einarsson, 1980.
Foulger, 1984; 1988a & b.
Foulger & Long, 1984.
Einarsson, 1988; 1991.
Toomey & Foulger, 1989.
Foulger & Toomey, 1989.

Gravity

Study area

Arnason et al., 1986.
Thorbergsson et al., 1984.
Hersir et al., 1990.

Other

Alteration

Hengill and
Hveragerdi

Arnason et al., 1969.
Sigvaldason, 1963.

Palacomagnetic

Ingolfsfjall

Szmundsson & Einarsson, 1980.
Kristjansson et al.,1988.

Drilling

Hveragerdi

Szmundsson & Arnason, 1971.

Hengill

Franzson et al., 1986.
Franzsov, 1988.

SW Iceland

Palmason et al., 1979.

Table 1.1: A summary of previous studies within the area, defined by Figure 1.5, and other directly
relevant investigations.
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Figure 1.6: A map of the study area with the density structure of the crust indicated. The Bouguer
gravity anomalies (heavy contours) are indicated. The Bouguer density is assumed to be 2.6 glcm®
(from Hersir et al., 1990). The seismic velocity structure of the crust is also indicated (after Foulger
and Toomey, 1989), an explanation for which is provided in the Key. (See also Figure 1.7). The
locations of the lava shields are indicted. '
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Introduction

A tripartite geothermal system encompasses the area (Foulger, 1984). It is
subdivided, in order of decreasing temperature maxima, into the Hengill field within
the Hengill Volcanic system, the Olkelduhéls field hosted by the Hrémundartindur
system, and the Hveragerdi field in the vicinity of the Grensdalur Central Volcano
(Arnason et al., 1987).

Tomographic, gravity and electrical investigations (Thorbergsson et al., 1984;
Foulger & Toomey, 1989; Hersir et al, 1990) have identified heterogeneity within
the crust under the Hengill-Hveragerdi region (Figures 1.6 & 1.7). The crust below
the extinct Grensdalur Central Volcano is more dense (i.e. higher seismic velocities
and Bouguer gravity anomalies) than the surrounding region, and tomographic
evidence indicates that this is from the surface down to 3 km depth, occupying a
volume of greater than 40 km3. The crust below the lava shields is also denser than
the surroundings (Thorbergsson et al, 1984) and tomographic investigation has
imaged a 5 km long high density cylindrical conduit below the Hismili lava shield
(Figure 1.7) (Foulger & Toomey, 1989; Toomey & Foulger, 1989). Underneath and
to the south of the Hengill mountain there is a lower density region (i.e. lower seismic
velocities and Bouguer gravity anomalies) between 2 to 4 km depth, which may
indicate a shallow magma reservoir. It is most persistent to the north of the mountain,
under the Nesjavellir valley. Some earthquakes have been identified from this low-
density region, indicating that melt probably exists in pockets within a crystal mush
(Foulger & Toomey, 1989).

1.4) The research project

Prior to the commencement of the work described in this thesis, the Hengill
and Hrémundartindur regions had been mapped in detail as part of the geothermal
development project in the Nesjavellir region (Arnason et al, 1986; 1987).
Petrological studies had also been carried out on various eruptive units of the Hengill
and Hrémundartindur regions (Hardardottir, 1983; 1986; Trennes, 1990; Hansteen,
1991). Mapping of the Hveragerdi-Ingolfsfjall region had been at a reconnaissance
level (Szmundsson, 1967; Eiriksson, 1973; Jonsson, 1989), and geochemical analyses

of rocks were non-existent.

The primary objective of this research was to establish the stratigraphy of the
Hveragerdi-Ingolfsfjall area and to examine the geochemical variation of the
volcanic products there and in the whole region. A geological map was compiled
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from data accumulated during six months of fieldwork. The mapped area is 72 km?,
recognises 81 eruptive units, and includes the Grensdalur Central Volcano and the
Ingolfsfjall lava shield (Maps Al & A2). The field relationships of the volcanic
products and sediments were also studied. A suite of 560 samples was collected from
the whole area, using the existing maps of the Hengill and Hromundartindur regions
and the new map of the Hveragerdi region as sampling guides. Petrographic features
were observed, and major oxide and trace element compositions were determined for
a subgroup of approximately 425 whole-rock samples and 24 glass samples. The
sample locations are illustrated on Maps B1, B2, B3 and C1.

The following topics were addressed:

Stratigraphy
i) Stratigraphy of the Hveragerdi-Ingolfsfjall region.
ii) Absolute K/Ar age determinations.

Petrology
i) Petrographic nature of the rocks encountered.
il) Compositions of minerals, volcanic glass and whole-rock samples within
the region. ‘
iii) Regional geochemical variation.
iv) Magma compositions in relation to crystallization processes, nature of the
magmatic plumbing system, mantle melting dynamics, and the compositional
nature of the mantle source region.

Iceland in relation to mid-ocean ridges
i) Morphological character of the neovolcanic zone on the Reykjanes Ridge
and a comparison of Icelandic subglacial topography with the bathymetry of
the seafloor.
ii) Geochemistry of basalts collected 150 km south of Iceland and a
comparison of these with the samples from Icelandic study area.

In this thesis, Chapters 2 to 6 contain descriptive accounts of observations
made during this research. A summary is provided at the end of each chapter listing
the main observation. In Chapter 7, the information is collated, interpreted and
discussed in terms of a model for the geochemical evolution of the basalts from the
region. The implications of this model to magmatism at mid-ocean ridges is also
considered.
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1.5) Summary

Iceland results from the interaction of a hot mantle plurhc with a mid-ocean
ridge plate boundary. The latter is expressed on Iceland in the form' of axial volcanic
zones and areas analogous to transform zones. The axial volcanic zone is segmented
in the form of volcanic systems that predominantly contain central volcanoes. Here,
the lithosphere is 8-10 km thick and it becomes progressively thicker off-axis.

The Icelandic extrusive igneous crust ranges in age from 16 Ma to Recent, and
has been produced in diverse eruptive environments. It has subsequently been
subjected to variable erosional processes. The recently erupted products form two
morphologically distinct volcanic features, conical and elongate. These represent two
types of eruption event, lava shield and fissure eruptions.

The study area is composed of three volcanic systems (Hengill,
Hrémundartindur, and Hveragerdi) and contains the active Hengill and the extinct
Grensdalur central volcanoes. There are examples of lava shields and fissure
eruptions produced during subaerial and subglacial periods. The region is a ridge-
ridge-transform triple junction, and the transform branch, the SISZ, has influenced
the tectonic lineaments of the spreading zone. The crust is <1 Ma and 7-10 km thick
at the spreading axis, with active geothermal manifestations. The density structure of
the crust comprises high and low density areas which correlated with surface tectonic
and geological features, such as the volcanic systems, the central volcanoes and lava

shields.

The primary objective of the research was to establish the volcanic history and
geochemical evolution of the area. This has been achieved by the production of a
geological map and the chemical analysis of approximately 450 samples. The
observations made are compared to those on the Reykjanes Ridge and other

submarine spreading ridges.
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Icelandic Volcanology

2.1) Introduction

In this chapter; the eruptive products and their relationships, as observed in the
field in Iceland, are described and illustrated in some detail. An understanding of such
relationships is essential for construction of the geological map, and for a comparison
with marine eruptive products. The study area is dominantly volcanic in origin
consisting of both primary and reworked eruptive material in various forms. Intrusive
igneous material in the form of dykes and sills also occurs.

2.2) Primary igneous lithologies
- 2.2.1) Extrusives
2.2.1.1) Hyaloclastite deposits

Icelandic glacial ridges (tindas) and flat-topped mountains (table mountains or
tuyas) have a generalised constructional model that has been established from field
observations in Iceland and elsewhere (Mathews, 1947; Samundsson, 1967,
Sigvaldason, 1968; Jones, 1968). The constituents are collectively referred to as the
"hyaloclastite formation" (or moberg formation) (Figures 2.1 & 2.2). A subglacial
eruptive origin for this formation is widely accepted (Kjartansson, 1943; Mathews,
1947; Jones, 1968). After a subglacial eruption under Vatnajokull in 1934, Nielsen
(1936) suggested that the variations observed within a single hyaloclastite formation
can be explained as a complicated interplay between magma, water, ice, existing

deposits and the landscape.
The prefix "hyalo" means "glass" and “clast" means "fragment". A

hyaloclastite deposit should therefore, by definition, contain a high percentage of
volcanic glass fragments (Cas & Wright, 1987). The deposits are neither pyroclastic
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The constituents of the hyaloclastite formation are illustrated in Figure 2.1,
and exemplified in Figure 2.2. In the simplest example, the core of the edifice
contains a feeder zone (Section 2.2.3.1) that grades laterally into pillow lavas. These
subaqueous deposits are blanketed by hyaloclastite lithologies (Figure 2.4). A
gradation from hyaloclastite pillow breccias to bedded hyaloclastite tuffs occurs with
distance from the feeder zone (Figures 2.2 & 2.4a).

Pillow breccias consist of a hyaloclastite matrix containing occasional whole
pillows, pillow fragments with glassy rinds still attached, and basalt blocks without
glassy rinds. Hyaloclastite breccias consist of basalt blocks that tend to lack glassy
pillow rinds, but still with abundant glass within the tuffaceous matrix. A gradual
decrease in the number of basalt blocks in the matrix leads to the end member known
as hyaloclastite tuff. This may be bedded peripherally with a dip of up to 30°
(Szmundsson, 1979). The hyaloclastite components are all gradational with each

other.
2.2.1.2) Subaqueous sheet flows

Subaqueous sheet flows were first identified in the South Pacific by Bonatti
(1967), and later by Bellaich et al. (1974) in the FAMOUS area of the Mid-Atlantic
Ridge (MAR), but are generally more abundant on fast-spreading and intermediate-
spreading ridges (Ballard er al., 1979). The term "sheet flow" originally described the
surface form of a submarine sheet-like structure where the origin and thickness were
unknown. It was intended as a provisional term only to be replaced when more
information on the structure was known (Ballard et al., 1979). The term "sheet flow"

is now applied to sheet-like structures of subaqueous eruptive origin.

The interiors of sheet flows, as observed in onland examples (e.g. Schmincke
& Bednarz, 1990), are usually massive with vertical or partly radial columnar
jointing, but the upper and lower surfaces show much variation. Numerous surface
textures occur, of which several may be present on a single sheet. These include
lobate, smooth, rippled, wrinkly, hackey, jumbled, pillowed and brecciated textures
(Ballard et al., 1979; Cas & Wright, 1987). Despite this diversity, two broad divisions
into simple and complex varieties are recognised by vertical profiles through the
interiors (Figure 2.5a) (Cas & Wright, 1987).

Sheet-like bodies occur towards the base of the Grensdalur volcanic pile
(Figures 2.5b & 2.6). They each have similar internal structure, regardless of their
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thicknesses, which range from 1-30 m. They lack the usual volcanological features
characteristic of subaerial lava-flows (as summarised in Figure 2.7), or the chilled
surfaces typical of intrusive sills. They are sheet flows of the simple type, with folds,
whorls, and poorly developed pillow structures at the upper surfaces, and chilled,
structureless lower margins. Sheet flows are identified elsewhere in Iceland, e.g. in N

Iceland (Sigvaldason, 1968).

i surface features
a) N (lolds and whorls)

Simple

~flat basal chilled zone

—

o000 G Q& ODO oY) GOOGO <y flow-top breccia

Complex

-

- _L )CD - ij@U - .S(. ‘)C:\)basal pillowed zone

Zones
b) gp Y E ‘Normal' amygdaloidal pillow lavas
f\\)/(" D Contorted flow texture and heterogeneous
RS distribution of amygdales
:?E_ C Strong flow texture with amygdales
i
: = B Poor columnar jointing and weak flow texture
A\ E%

NN A Massive columnar jointed basalt

<= Sharp chilled basal contact

Figure 2.5: a) Simple and complex sheet flows as defined by Cas & Wright (1987); b) The internal
structure of sheet flows observed towards the base of the Grensdalur Central Volcano (simple type).
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Icelandic Volcanology

The term "flow-unit" was introduced to describe lava flows in terms of

cooling units (Nichols, 1936). It is defined as a body of lava that has visible signs of
cooling on the upper and lower surfaces. Compound lava refers to lava that is
divisible into flow-units. Simple lava refers to one that is not (G. P. L. Walker, 1971).
This means that if an eruption produces more than one lava flow (or flow-unit) they
are referred to as compound, and if it produces only one, it is simple. Compound lava

is the most common type in the study area.

a)

ropy flow texture

circular vesicles

pipe vesicles

RENARNAREEEE

surtace rubbie

flow textured zone

columnar jointing

i

Figure 2.8: Diagrammatic representation of the features observed in the two lava types, a) pahoehoe
and b) aa.
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2.2.2) Intrusives
2.2.2.1) Dykes

One of the criteria used to identify a central volcano in eroded Icelandic crust
is a local increase in the percentage of intrusives (K. Semundsson, pers. comm. 1988)
(Section 1.1). During this research, 270 dykes were mapped in a 72 km? area, and
76% of these outcrop in the Grensdalur Central Volcano (Figure 2.9). There is
another concentration of dykes (and an area of hydrothermal alteration) at
Grafningshils, and this may represent another volcanic centre (Figure 2.9).

The Hveragerdi - Ingolfsfjall Region,
S. W. Iceland

044

21°00'

024 -02'

% -64°00"

“few

Figure 2.9: Map illustrating the location of dykes and a solidified lava lake within the region. The
lava lake is labelled accordingly.
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of types A and B deviate the most from the regional fabric direction (036°), but no
clearly defined radial arrangement is observed amongst the dykes within the central

volcano.

Types
> 9707 Abundant phenocrysts of large feldspar (megacrysts)

. *o'gr | A (+/- pyroxene) (0.5-1 m)

Orange coloured flow textured aphyric dykes (0.5 m)
B

Thin and wiggly with amygdales/vesiéles concentrated
C in the core, or layered, (+/- microphenocrysts)

(02-05 m)

Very fine grained dark grey aphyric basalt dykes 'with

\\ D columnar jointing (0.5-1.5 m)

Figure 2.11: Four types of dyke observed in the Grensdalur Central volcano.
2.2.2.2) Sills

Very few sills outcrop in the region. In the Grensdalur Central Volcano,
examples include single sills that intrude concordantly between eruptive units and
horizontal, multiple sills that intrude disconcordantly through eruptive units and
sediments. Subaerial lavas of the same type of basalt that forms the sills can
sometimes be found overlying them (Figures 2.12 & 2.13), but this is not always the
case. At Ingolfsfjall, two sills intrude a thick pile of glacial sediment. The upper one
is petrographically similar to the basalt of the Ingolfsfjall lava shield, whereas the
lower sill is different (Appendix 1D; Figure 1D.2). The former was emplaced within
5 m of the base of the lava shield.

In general, the sills in the area all appear to have intruded at a very shallow
level in the crustal pile and close to the surface where, in some instances, there is
erupted lava of similar composition. In other areas, the contemporaneous nature of the
sills and extrusives is not clear because of the lack of petrological or geochemical
diversity in that area.
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Figure 2.13: Sketch map of the Djipagil valley, within the Grensdalur Volcano, where multiple
transgressive sills are intruded through a series of older hyaloclastite units and sedimentary rocks.
The lavas that onlap the sediments are of the same type of basalt as the sills. This map includes the
area shown in Figure 2.12. ‘

2.2.3) Pseudo-intrusives
2.2.3.1) "Feeders" of the Hyaloclastite Formations

Feeders are not hyaloclastite but are a component of the hyaloclastite
formation (Section 2.2.1.1). They are intermediate between an intrusive and
extrusive, because they are often surrounded by material derived from themselves or
nearby companion feeders. They occur as variably sized and shaped bodies,
characteristically displaying radial columnar jointing which becomes less pronounced
towards the margins, where vesicularity and flow texture may be developed (Figure
2.14). There are no sharp enclosing boundaries but, instead, feeders grade into one of
the hyaloclastite lithologies (usually pillow lavas or pillow breccias) (Figure 2.15).
There is no grainsize difference between the basalt in the feeders and the basalt of the
pillow lavas and hyaloclastite breccias. The similarity in internal structure between
the feeders and the sheet flows may give rise to mis-identification when continuity of
outcrop is poor.
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7

rf sediments, but they were easily distinguished from hyaloclastite deposits. The tillites
are valuable in that they separate successive eruptive units, providing marker horizons

in much the same way as distinctive sedimentary layers.
2.4) Lithological relationships

In Iceland, the environment of volcanic eruption and sedimentary deposition
governs the lithological relationships. In the study area, subglacial hyaloclastite
deposits dominate the volcanic succession and are intercalated with subaerial
deposits. In the following section, the relationship of the various lithologies and their
processes of formation are described.

The relationship between the constituents of hyaloclastite formations is
complex and rarely as simple as the model in Figure 2.1 suggests. The relative
proportions of the deposits may vary and one or more of the constituents may be
absent. For example, the feeder zone may grade directly into a hyaloclastite breccia
(Figure 2.14), or the edifice may lack hyaloclastite breccias and consist only of
feeders, pillow lavas and hyaloclastite tuffs. Similarly, a resistant cap of subaerial
lavas (if present) may vary in thickness and distribution and there may be subaqueous

sheet flows at the base of the succession.

Unconformities between hyaloclastite units may easily be seen when angular
(Figure 2.18); but they are harder to detect when concordant. The situation is further
complicated by minor unconformities within a single hyaloclastite formation (i.c. a
single eruption). This type of unconformity may be produced by current action,
fluctuations in the depositional environment, and by magmatic pulses. These produce
discontinuities in the facies that are most pronounced in the distal parts of the
formation. They may be difficult to distinguish from true unconformities between two
separate eruptions with hyaloclastite of similar overall appearance. However, in the
case of a true unconformity, erosion, weathering, or sediment deposition is expected.

The large volume lava shields (e.g. Ingolfsfjall) often have thick hyaloclastite
breccia beds (with or without lavas) of almost identical basalt. These are directly
superimposed with no sediment or erosion between them, and they are likely to
represent multiple magmatic pulses during the one eruption event, coupled with

fluctuations in the ice water level.
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- Field observations show that a feeder zone of variable dimensions may form
around the core of the edifice. The feeder grades into pillow lavas - the "spalling off"
process - and the pillow lavas grade into hyaloclastite pillow breccias. These may
form by: i) the pillow lava flow encountering a steep slope, causing discontinuity in
the pillows (Sigvaldason, 1968); ii) by gravitational collapse down-slope in varying
states of cooling and crystallization (Jones, 1970; Lonsdale & Batiza, 1980). Pillow
fragments are likely to result from the latter process, and isolated pillows from the
former. Both processes probably occur during an eruption. Granulation of piliow lava
rind adds to the hyaloclastite matrix. As the edifice grows, the feeder zone may drive
the pillow flow-front through previously erupted hyaloclastite debris so that it
intrudes hyaloclastite material that has only just been erupted. Abundant melt-water
ensures frequent lateral and vertical facies changes, particularly around the periphery
of the edifice. Fluctuations in the ice-water level will cause temporal and/or spatial
alternation between subaerial and subglacial depositional environments. Glass-poor
boulder breccia (or flow-foot brecci%f\formexby the interaction of a subaerial lava with

water as it transgresses from one environment to the other (Jones, 1970).
2.5) Summary

The study area is composed of both primary and reworked igneous material.
The extrusive primary igneous products include the subaqueous constituents of the
hyaloclastite formation, sheet flows and subaerial lava flows. Individual compound
lava sequences are composed of either aa or pahoehoe flow-units, but the simple lava
is always composed of aa type flows. The intrusives occur as dykes and sills, and the
reworked deposits include sediments and tillites. The relationships of the deposits are
complex and provide information on the volcanic history of the region.
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Chapter 3
Geology of the Hengill-Ingolfsfjall Region

3.1) Introduction

In this chapter, the methodology behind the mapping is described, followed by
a description of some details and complications that exist, and were discovered,
within the stratigraphy of the region. Radiometric age determinations were attempted
for twelve samples from the area and the results are presented here (courtesy of R. A.
Duncan, Oregon State University). Appendix 1 (in parts A-E) contains additional data
and information used to constrain the stratigraphy, including petrographic and

geochemical lines of evidence.

Eruptive products in the area date from the Late Tertiary (<1 Ma) to Recent in
the Postglacial era (<10,000 years) (Semundsson & Einarsson, 1980). The crust
produced during this period is made up of many individual eruptive units. Prior to
this work, several geological maps of the study region existed (Table 1.1). These are
various maps from Szmundsson (1967); two published 1:25,000 maps, one of the
Hengill mountain and the area to the north of it, and one of the adjacent
Hrémundartindur region (Arnason et al., 1986; 1987); and one unpublished map of
the Reykjafjall-Ingolfsfjall region (Eiriksson, 1973). Therefore, it was of primary
importance to this research to construct a map and establish the stratigraphy of the
eruptive units in the Hveragerdi to Ingolfsfjall area. This fills the gap in the previous
map coverage of the region, and also reveals the existence, and spatial and temporal

distribution of lava shields in the area.

From the geological map produced during this research the stratigraphy of the
Hveragerdi-Ingolfsfjall region has been established by tracing marker horizons
within the area. These horizons divide the eruptive units into five main stratigraphic
groups, which are, in some cases, subdivided further according to regions when
lateral correlation between units of a group is not possible. The distribution of these
groups is summarises in Figure 3.1. Within the Hverager8i Volcanic System, 81
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Figure 3.1: Geological map of the HveragerSi Volcanic System with the main stratigraphic
divisions. In the key, the groups are listed in approximate stratigraphic order, but a more detailed
account of the stratigraphy is given in Figure 3.2. The location of the geological boundaries for the

Hengill products in the SW of the region are from Semundsson (1967) and Pullinger (1991). -
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Figure 3.2: Stratigraphic chart of the Hveragerdi Volcanic System. Recognised buried lava shields
are encircled Unit BB7 is dated at approximately 400 ka, and units GBI-GB6 belong to the
Matuyama reversal (GB6 = Kamlkatsura subchron; 850-700 ka: GB1-4 = Jaramillo subchron; 850-

900 ka, - palacomagnetics by Kristjdnsson et al. (1988) and ages after Harland et al. (1990)).
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eruptive units have been mapped and these are detailed in Maps Al and A2. The
resulting stratigraphy is shown in the form of a chart in Figure 3.2. Oxygen isotope
data, summarised by Harland et al. (1990), indicates that interglacial episodes
occurred approximately every 100 ka during the last 1 Ma period. On deglac'iation,
tillite deposition occurs, and when two eruptive units are separated by a substantial
tillite horizon, it is inferred that an interglacial episode has occurred in the interval
between their formation. This constraint has been used here to position the eruptive
units in Figure 3.2. Using the information in Figures 3.1, 3.2 and Maps A1-A2, the
locus of magmatic activity can be traced within the region over the past 1 Ma.

3.2) Mapping

Mapping was carried out on the scale of 1:10,000 using standard "Greenline
Mapping" (Barnes, 1981). Since all rock types exposed in the area are broadly
basaltic, the usual lithological mapping approach proved unsuitable. Instead, the
different "forms" of the basalt, as described in Chapter 2, were recorded. The
resulting genetic map is a suitable means to record intricate field detail and
relationships, but is a poor way to represent the overall geology and volcanic history
of the area. From the information contained in the field maps, a second geological
map was developed which illustrates the boundaries between successive eruptive units
(Maps Al & A2), and from which the volcanic stratigraphy of the area was derived

(Figure 3.2).

Mapping eruptive units is greatly assisted where the landscape has suffered
little erosion, like the Hengill and Hrémundartindur regions (Figure 1.5), since the
topography is created by volcanism and can therefore be used as a guide to
distinguishing -individual eruptive units. In such regions, the lava shield and fissure
eruptions are morphologically distinct. Unfortunately, in the Grensdalur Central
Volcano, there has been pervasive hydrothermal activity resulting in highly altered
basalt that is now considerably eroded, and in most of the Hveragerdi Volcanic
System glacial action and weathering have smoothed the volcanic landscape (Figure
1.5a).

In all cases, the most reliable distinguishing features of the different eruptive
units are: i) the percentage and types of phenocrysts; ii) observed unconformities
between units; iii) compositional differences between eruptive units; iv) marker tillite
and other sedimentary horizons. In the absence of diverse phenocryst assemblages or
non-eroded topography, other variations such as vesicularity, differential
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hydrothermal alteration and weathering had to be used. Aerial photography,
supported by ground-level examination, was valuable for detecting subtle variations

between successive units.

The vertical cliff sections exposed in the region, such as those in the walls of
the Grensdalur Volcano, on the south and west faces of Ingolfsfjall, and in the many
deep gorges, provide opportunity for detailed sedimentological-type logging of the
vertical variation within and between eruptive units (Appendix 1A). Subsequent
correlation of the logs establishes the stratigraphy of the region (e.g. Appendix 1B).
Thin section petrographic examinations revealed substantial differences between the
eruptive units of the whole region. However, it was often found that the variation is
minimal within a given region, and there may be as much petrographic variation in a
single eruptive unit as there is in that particular region. Alternatively, an eruptive unit
may be so petrologically distinct that thin section examination cannot advance
stratigraphical understanding beyond that gained by field observation.

The sampling strategy for the geochemical work (3 samples per eruptive unit)
enabled thorough coverage of the stratigraphic column. In general, it was found that
the petrographically similar eruptive units in close spatial and temporal proximity
tend to be of very similar composition. However, some geochemically distinct units
were discovered that could be used as marker horizons (Appendix 1C). Such units
were invaluable in the construction of the geological map and stratigraphy of the
study area. In conclusion, all the techniques described above are necessary for the

best interpretation of the geology of the area.

The principal of uniformitarianism, where the present is the key to the past,
was applied to the investigation of the eruptive units of the Hverager8i Volcanic
System-in order to attribute the units to either a lava shield or a fissure type of
eruption. A similar approach has been applied to areas of old crust in Iceland (Rutten,
1964) and elsewhere (Noe-Nygaard, 1968). In the present neovolcanic zone, the
morphologically distinct volcanic features of lava shield and fissure display consistent
differences in their lava types; simple, compound, aa and pahoehoe (Section 2.2.1.3)
(Rutten, 1964; G. P. L. Walker, 1971; Semundsson, 1979).

The Postglacial subaerial lava shields are built up from compound pahoehoe
flow-units that are individually usually thin (1-10 m), and collectively they take on
the form of a low-angled dome (1-10°). No aa lavas are known from shields in
Iceland (G. P. L. Walker, 1971). The young subglacial lava shields form table
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mountains that are laterally extensive in more than one direction, are usually thick
and, in the study region, are observed to form "beds" or sub-units. The Postglacial
subaerial fissure eruptions produce either simple or locally compound lavas which are
dominantly of the aa variety. Individual lavas may flow considerable distances and,
despite the locally compound nature of the flows, they do not form well-defined, low-
angled domes (G. P. L. Walker, 1971) (Figure 1.3, p. 6). The young subglacial
variety of fissure eruptions form hyaloclastite ridges that are laterally restricted in one
dimension, and they are usually thinner than subglacial lava shields, with bedding
restricted to the tuffs in the periphery of the deposit. In the study area, buried small-
volume morphologically distinct subglacial lava shields were not observed. It is
envisaged that, with limited exposure, it would be very difficult to distinguish
conclusively between buried subglacial small-volume shields and buried subglacial
fissure eruptions.

3.3) Stratigraphy of the Hveragerdi Volcanic System
- 3.3.1) Marker horizons

The stratigraphy of the Hveragerdi Volcanic System has been constrained by
six marker horizons. These are described below, starting with the oldest first. Their
location within the field is illustrated here with maps and field photographs (Figures
3.3-3.9), and further details on these markers are provided in Appendix 1 (A-D).

Ingolfsfjall Marker 1 [IM1]

This marker consists of bedded tillite and other sediments that outcrop on the
south face of Ingolfsfjall (Figures 3.3 & 3.4b-d). It appears orange at a distance but,
apart from this, it does not have any distinguishing features and only forms a marker
because it is laterally continuous. On the south face of Ingolfsfjall, eruptive units
below this sedimentary horizon belong to the Jaramillo subchron (Kristjinsson et al.,
1988) indicating that they are approximately 900 ka (Harland et al, 1990). The
bedded nature, thickness and variety of sediments indicates that they represent
deposition over a considerable period of time (at least 150 ka). It is possible that the
sediments observed on the west face of Ingolfsfjall and at Grafningshils may also
belong to the IM1 marker (Figures 3.3 & 3.4b-d).

Brunhes-Matuyama boundary (700 ka)
This palacomagnetic reversal boundary has been located in the area by
Szmundsson & Einarsson (1980) and Kiristjansson et al. (1988). It is indicated in
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Figure 3.3: Stratigraphic logs of the Sognar to Ingolfsfjall region detailing eruptive units of the
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Figures 3.3 and 3.4. This boundary provides some constraint on the absolute age of
the volcanic products and also indicates that the volcanic products are not
systematically younger towards the active zone in the west (Figure 3.2). For example,
Ingolfsfjall is within the same magnetic reversal period as the last eruptive units from
the Grensdalur Central Volcano, indicating that they could have been
contemporaneous (approximately at 300 ka; K. Szmundsson pers. comm., 1991).
This means that the volcanically active zone could have been over 10 km wide at that
time, or that Ingolfsfjall is an off-axis volcano.

Ingolfsfjall Marker 2 [IM2]

This marker consists of tillite which outcrops at the base of the Ingolfsfjall
lava shield (Figures 3.3 & 3.4). It is of a reasonably constant thickness (usually <5 m)
and, like IM1, is traced by lateral continuity. This separates the Ingolfsfjall lava shield
from the underlying eruptive units which, in some cases, are of very similar basalt
(e.g unit BA3; Figure 3.4a).

Sauda lava shield [eruptive unit DA1]

This is the lowest marker within the Grensdalur Central Volcano. It occurs in
the Sauda valley, forming a laterally continuous plateau within the core of the eroded
volcano (Figures 3.5-3.7). The base is composed of subaqueous pillow lavas which
are overlain by subaerial pahoehoe compound lava (up to 8 flow-units). The latter is
laterally extensive and can be traced to the southwest of Dalafell at Djapagil (Figures
3.5 & 3.6). It is possible that the outcrops here at Djipagil may belong to another
eruptive unit further south (unit DB7b) (Szmundsson pers. comm., 1992) but the
evidence gathered during the course of this research favours the former interpretation.
A small outcrop of similar basalt occurs on the east side of the volcano near
Reykjafjall where it is exposed by the landslide (Figures 3.5 & 3.8). The laterally
extensive nature of the DAl unit and the small succession of compound pahoehoe
lavas suggest that it may have been a lava shield-type eruptive event.

Reykir lavas [eruptive unit S1]

The compound lavas of aa type that belong to this marker horizon are not
entirely laterally continuous in the field. They are similar in handspecimen and thin
section to other lavas in the Grensdalur Central Volcano. However, samples from the
S1 unit are compositionally similar to each other and dissimilar to other eruptive units
with which they are intercalated (Appendix 1C). The core of the S1 unit occurs in the
NE corner of the Grensdalur Volcano in the flanks of Selfjall (Figure 3.5), where it
occurs as hyaloclastite breccias with large feeder sheets and tubes. These deposits are
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is mixed, the S12 basalt is by far the dominant constituent. Many of the sediments are
water-lain, and show features such as stratification and relict channel structures with
steeply inclined sides (varied between 20-40°). These suggest that the deposits were
dumped from water travelling via rivers through existing topography, and indicates
that the Selfjall eruption (unit S12) occurred late in the history of the central volcano.

3.3.2) Stratigraphic Groups
3.3.2.1) The Gljifur Group [GA, GB and GC sub-groups]

This group contains 18 eruptive units, all of which are of reversed magnetic
polarity (Matuyama epoch, >700 ka) (Semundsson & Einarsson, 1980; Kristjansson
et al., 1988). The group is subdivided on a regional basis into sub-groups A-C: A for
the region in the west (abbreviated to GA); B for the south face of Ingolfsfjall
(abbreviated to GB); and C for the west face of Ingolfsfjall (abbreviated to GC)
(Figure 3.1).

The GA sub-group comprises 12 eruptive units, all of which are essentially
aphyric. This means that successive eruptive units can only be differentiated in the
field by vesicularity, degree of weathering and alteration, and observed sedimentary
horizons separating them. The terrain in this region is smoothed off by erosion and
consists of undulating linear hills locally cut by deep gorges, believed to represent
faults orientated dominantly N-S (Szmundsson, 1967). The hyaloclastite units are of
the order of 30-50 m thick and of limited lateral extent perpendicular to the regional
spreading direction (099°). The area encompassed by this sub-group is thought to
represent the site of repeated fissure erupticns.

The GB sub-group consists of 5 eruptive units that outcrop in the lower slopes
on the south face of Ingolfsfjall (Figure 3.4c-d). Units (GB1-3) are exposed in a
single profile (IX) (Figure 3.4d & Appendix 1A). Unit GB4 outcrops to the west, in
profile IU, and forms a small peninsula (Appendix 1D; Figure 1D.2). It can be
matched on compositional grounds with a pahoehoe lava to the north of Ingolfsfjall,
on the NE flank, which is also of reversed magnetic polarity (Semundsson &
Einarsson, 1980). The GB4 unit may represent a small-volume lava shield, because of
the pahoehoe nature of this lava in the north. Overlying the thick IM1 marker tillite
on the south face of Ingolfsfjall are the lavas that mark the Brunhes-Matuyama
boundary (unit GB6) (Kristjansson et al., 1988). This apparently laterally continuous
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lava (Kristjansson et al., 1988) is divided here into two flows (both aa type) based on
petrographic and supporting compositional grounds (Appendix 1D).

The GC sub-group consists of only two eruptive units that are exposed on the
west face of Ingolfsfjall (Figures 3.3 & 3.4a). They are thin hyaloclastite units similar
to those of the GA sub-group, and are separated, and overlain by, sedimentary
horizons. Absolute correlation with the GA or GB units is not possible. Units GB1 to
GB4 are the oldest in the study area (Jaramillo subchron; Kristjansson et al., 1988:
900 ka; age after Harland et al., 1990). Units of the GA, GC sub-groups and the GB6
unit maybe approximately contemporaneous in age (between 800-700 ka) (Figure
3.2).

3.3.2.2) The South Bjarnarfell Group [BA and BB sub-groups]

This group contains 8 eruptive units, (9 including the Ingolfsfjall lava shield
eruption) all of which are of normal magnetic polarity (Brunhes Epoch, <700 ka)
(Szmundsson & Einarsson, 1980; Kristjansson et al., 1988) (Figure 3.1-3.3). As with
the previous group, they are divided according to spatial distribution into sub-group
A, for units in the west (BA), and sub-group B for those exposed in the western and
southern cliff faces of Ingolfsfjall (BB). One eruptive unit (BA3) can be tentatively
traced between the two areas.

The BA sub-group consists of 3 eruptive units stacked on top of each other in
the flanks of Bjarnarfell (Map A2). The top unit (BA3) occurs in four separate
outcrops. Three of these can be grouped together here on a compositional and
petrographic basis, and include the inliers at Sognar and South Bjarnarfell, and a thin
veneer of hyaloclastite breccia at Reykir. The fourth outcrop is intercalated within the
Ingolfsfjall stratigraphy at Grafningshals and in the west face of Ingolfsfjall (Figures
3.3 & 3.4a-b). Here, the BA3 unit is a prominent resistant horizon bounded by IM2
above and sediment below, allowing it to be traced laterally into the Ingolfsfjall
region. The BA3 unit, therefore, displays the characteristics of a laterally extensive

subglacial lava shield-type eruption.

The BB sub-group includes five units that outcrop in the lower half of the
Ingolfsfjall table mountain, below the main Ingolfsfjall lava shield (sixth unit), and in
the Grafningshéls valley. Unit BB3 is the oldest and it is only exposed in the
Grafningshals valley (Figure 3.3). Unit BB4 occurs on both sides of Grafningshals as
hyaloclastite deposits, and also as a series of compound lavas on the west face of
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Ingolfsfjall (Figure 3.4b). Units BB5-7 occur as lavas in the more southerly flanks of
Ingolfsfjall (Figures 3.4b-d). The lavas of these four eruptive units, BB4 to BB7,
represent a lava sequence that is repeated twice here in the stratigraphic succession. In
a single sequence, pahoehoe compound lavas (units BB4 & BB6) are overlain by one
or two very fine-grained aa basalt flows (units BBS & BB7). It may just be
coincidence that they are intercalated with each other, or it may indicate that these
units are related. The compound series of pahoehoe flow-units of BB4 & BB6 suggest
lava shield eruptive events, but aa lavas (like those of BBS and BB7) have not been
observed in Recent lava shields (G. P. L. Walker, 1971). Alternatively, the aa lavas of
BB5 and BB7 may have come from elsewhere. The top lava of the second sequence
(BB7) represents the last unit to be erupted prior to the main Ingolfsfjall lava shield

eruption.
3.3.2.3) The Tindar Group [TA, TB and TC sub-groups]

This is the first group considered to be part of the Grensdalur Central
Volcano. All the units are normally magnetized (Semundsson & Einarsson, 1980;
Kristjansson et al., 1988), and they are all older than the DA1 marker horizon (Figure
3.2). The group has been divided into three sub-groups on the basis of a combination
of age and regional distribution. None of the eruptive units possess features indicative

of lava shield-type eruptions.

The TA sub-group is composed of 11 units, most of which represent
individual eruption events, but some may represent more than one event. For
example, the oldest unit (TA1) includes outcrops of basalt on the banks of the Varma
river (excluding Hengill postglacial lavas) (Figure 3.1, Map Al), and although these
outcrops are probably not of the same eruptive unit, they have been grouped together
because they represent basalt that occurs below the main Tindar sub-groups. In the
north of the Grensdalur Volcano depression there is an intensely altered area that
occupies the valleys of Sauda and Gransdalur (Figure 3.7). In parts of this area,
outcrop is minimal, with only resistant dykes flanked by coloured clays, forming
steep linear ridges. Landslide deposits cover much of the area within the depression
(Figure 3.5). The tuffs and basalts exposed in this region have been examined, and
‘some poorly defined heterogeneity exists, but for the purpose of this research they
have been grouped as one unit (TA2a). Sheet flows exist along the Sauda river that
cannot easily be related to the altered TA2a basalt or the overlying Tindar units, and
so they have been separated as TA2b (Map Al).
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The remainder of the TA units outcrop on the central Tindar high. Mapping of
this region was severely hindered by pervasive smectite alteration affecting basaltic
units that were initially very similar. Unconformities were mapped using a
combination of variation in the character of the hyaloclastite, handspecimen
petrological diversity (which is minimal), observed "apparent” unconformities in the
field (usually from the degree of alteration) and observed unconformities in the form
of sedimentary horizons. In addition, subtle compositional differences were
identified. The Tindar high is composed of a combination of hyaloclastite formations,
sheet flows and compound aa lava horizons. The lavas that cap Tindar (unit TA9), are
similar to the basalt within unit TA10 at the southern foot of the Reykjafjall region
(Map Al), but while they may be contemporaneous, direct correlation is not possible.

The TB sub-group occurs immediately to the east of the Tindar high in the
flanks of Reykjafjall and the Reykir cliff (Map Al). The TB units that occur in the
Reykir cliff have been correlated with each other, and with other units in the region,
by thin, locally continuous and distinctive tillite marker horizons (Appendix 1B), as
well as the DA1 marker to the north of the cliff (Figure 3.8). Unit TB6 is
indistinguishable from unit TB1 in handspecimen but is compositionally distinct
(Appendix 1C). The TB6 unit cannot be correlated directly with the DA1 marker, but
it is estimated from the state of erosion of the TB6 eruptive unit and the number of
tillite horizons present in the Reykir Cliff Profile that it is probably marginally older
than the DA1 marker.

The TC sub-group consists of three eruptive units that outcrop as inliers in
various locations on the Tindar region. They are younger than the TA units, but
cannot be directly correlated with the TB sub-group or the rest of the Grensdalur
stratigraphy. Unit TC1 occurs as a veneer of fresh, aphyric hyaloclastite and tuffs.
Unit TC2 occurs in the same region, and is composed of fresh porphyritic
hyaloclastite. The third unit, TC3, is situated on high ground and consists of scattered
blocks of rock protruding through, or positioned on the clay scree. In thin section, the
rock is completely replaced by hematite, which is reflected in its bulk composition
(Appendix 1E). Vesicles, which display flow texture, suggest that the rock is eruptive
material and not a primary alteration product. The colour and texture are similar to
the Postglacial scoria observed in the Hengill region (Nesjavellir) and this suggests
that it is of Postglacial origin (Figure 2.7). The location of this material suggests that
it is from the Grensdalur Central Volcano, as it is inconceivable that other
environmental elements during the Postglacial era could have transported the blocks
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to their present location. The most abundant occurrence of blocks is on a gentle slope
towards the Grensdalur river (S2mundsson, pers comm., 1990) (Appendix 1E).

3.3.2.4) The Dalafell Group [DA and DB sub-groups]

All the eruptive units within this group are also of normal polarity
(Semundsson & Einarsson, 1980), and the Group is divided into sub-groups on the
basis of spatial distribution. The DA units occur in the eastern half of the Grensdalur
Central Volcano, in the Sauda region, and the DB units occur to the west in the
Dalafell and Kloarfjall regions (Figure 3.1 & Map Al). Other than the DA1 marker
unit and one other (unit DB7b), none of the eruptive units represent lava shield

eruptions and any lavas are of compound or simple aa type.

The DA sub-group is composed of 3 eruptive units. The lowest is the laterally
extensive DA1 marker (Section 3.3.1). Unit DAZ2 is situated north of the Tindar high,
on top of the plateau formed by DA1 (Figure 3.9 & Map Al). This is thought to be
older than the DB eruptive products to the west because of the relative altitude of the
units. However, the actual contact is not exposed. Unit DA3 occurs at Aldtur and is
directly overlain by the S1 marker. The contact between DB10 and this unit is not
exposed (Figure 3.9 & Map Al).

The DB sub-group consists of twelve eruptive units, all erupted after the DA1
marker and before the S1 marker. The lower units are subglacial, whereas the
stratigraphically higher ones are dominantly subaerial. The lavas dip towards the
active volcanic zone in the NW, and sediments are observed within the sequence of
eruptive units. The older unit (DB2) has a NE trending linear outcrop pattern,
mimicking a ridge, that runs through the base of the Dalafell high (Map A1). It shows
varying degrees of alteration, ranging from intense chlorite to very minor smectite
alteration in the distal parts of the hyaloclastite mound. Many of the units are
composed of hyaloclastite breccias that are glass poor, rich in small angular cream-
coloured basalt clasts and have a minimal tuffaceous constituent, in which spindle
bombs locally occur. These are indicative of very shallow water conditions. Unit
DB8a shows a transgression between subaqueous and subaerial erupted products,
whereas unit DB9, restricted to the southern regions of Dalafell (Map Al), is entirely

subaerial.

To the south of the main road, in the flanks below the Skalafell lava shield at
Nupafell, there are two eruptive units exposed in the cliff face (DB7b and DB8b) that
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were sampled during this research (Figures 3.1 & 3.10). The lower unit (DB7b) is
composed of hyaloclastite beds and a series of compound pahoehoe lavas, and
resembles a buried lava shield (Pullinger, 1991). The succession can be divided into
three sub-units. The lower one (unit 1) is a horizontal bed of hyaloclastite (20 m
thick), and the second (unit 2, of a similar thickness) dips to the south by 30-40° and
is interpreted as a flow-foot breccia (Szmundsson, 1967; Jones & Nelson, 1970;
Pullinger, 1991). The top sub-unit (unit 3) comprises a series of compound pahoehoe
lavas intercalated with thin hyaloclastite horizons. The overlying DB8b unit is
composed of a thin veneer of hyaloclastite breccia. The geology of the area was
studied in detail by Semundsson (1967) and Pullinger (1991) who observed that, to
the north of this location, but still south of the main road (Road 1), unit DB7b and
DBS8b are separated by tillite and the DB8a aa lavas (Pullinger, 1991; S&mundsson
pers. comm., 1992). The tillite between units DB7b and DB8a suggests that there has
been a deglaciation event between these two eruptions. The stratigraphic position of
unit DB8b is poorly constrained with respect to the rest of the stratigraphy within the
Grensdalur Central Volcano, and it could be considerably younger (Figure 3.2).

The basalt that forms unit DB10, to the west of Kléarfjall (Figure 3.9), can
also be subdivided into three sub-units (DB10a-c) based on petrographic textural
differences. The oldest and youngest sub-units of these are composed of course basalt
with subophitic texture. The middle sub-unit (DB10b) is the most extensive and is a
much finer grained basalt. These DB10 sub-units are all compositionally

indistinguishable (Appendix 1C).
3.3.2.5) The Selfjall Group [S units]

This group consists of 17 eruptive units which occur mainly in the eastern half
of the Grensdalur Central Volcano (Figure 3.1). The base of the group is marked by
the S1 unit (Section 3.3.1). This, and the S12 marker, constrain the stratigraphy of the
Selfjall to Kloarfjall region (Figures 3.5 & 3.6). The eruptive units in the Reykjafjall
region are more loosely constrained by the S12 marker which, in the form of

sediments and glacial tillites, could have been deposited at any time after the S12

eruption.

The absolute age relationship of units above the S12 marker is often non-
determinabie, as many of the units occur as inliers (Map A1). Where this occurs, the
freshness of the deposits and robustness of the topography have been used to infer the
relative ages. Unit S17 is an extreme example of this (Figure 3.1), where the curvi-
linear ridge of very fresh hyaloclastite onlaps onto the units of the Dalafell high, but
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the unit cannot be correlated with the other S units of equally fresh appearance in the
eastern half of the Grensdalur Central Volcano.

3.4) The Hengill and Hromundartindur volcanic systems

The geology of the Hengill and Hrémundartindur volcanic systems has been
described in detail by Arnason et al. (1986; 1987). Using the geological maps and
stratigraphy from these authors, several specific eruptive units were selected for
sampling and petrological investigation. The location of these units within the region
and the stratigraphic column are summarised in Figures 3.11 and 3.12. Several of the
younger eruptive units from the Hengill and Hromundartindur volcanic systems onlap
the units of the Grensdalur Central Volcano (Arnason et al., 1987) (Figure 3.1). The
following summary of the geology is from field observations made during sampling

and mapping by the author, unless otherwise stated.

The first unit associated with volcanic activity in the Hengill Volcanic System
are the Hadir and Hasmiili lava shields (Arnason et al,, 1987) (see below). Drilling
in the Nesjavellir valley indicates that there is another 600 m of eruptive material
belonging to the Hengill Volcanic System (Franzon, 1988). The first unit reported to
be associated with the Hrémundartindur Volcanic System is composed of aa lava
flows in the Krékur gorge, and is referred to as the Stekkas gragryti basalts (Arnason
et al., 1987) (Figure 3.11). These basalts are petrographically and compositionally
similar to those of unit DB10 from the Hveragerdi Volcanic System (Appendix 1C),

and it is suggested here that may belong the this eruptive unit.

Later eruptive units sampled here occur on either side of the Nesjavellir valley
(Figure 3.11), and the youngest samples collected were from main Hengill eruptive
unit (Figures 3.11 & 3.12). This eruption event produced about 6-8 km3 of basalt that
was erupted under subglacial conditions to form the Hengill mountain. There are
some lava flows that cap the edifice (Arnason et al, 1987). There are traces of
hyaloclastite derived from the Hengill eruption to the north of the mountain that
indicate that the initial phase of eruption was located on a fissure-type vent (Arnason
et al, 1987; Szmundsson pers. comm., 1989). The morphology of this table
mountain is similar to subglacial lava shields and may represent an eruption event of
this sort (Figure 1.5a, p. 10). It was originally referred to as a large table mountain by
Semundsson (1967), but has since been described as the Hengill Central Volcano
(e.g. Hersir et al,, 1990). Within some of the units from the Hengill volcanic system,
there is a heterogeneous accumulation of phenocryst phases in the basalt (e.g. the

Lomatjarnarhals and Hengill eruptive units).
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3.5) Lava shield eruptive events; Ingolfsfjall, Hedir and Hiasmali

The three lava shields from the study area are morphologically pronounced
features that appear to be quite distinct. They are, in order of decreasing age,
Ingolfsfjall, Hedir and Hasmili (Figure 1.5). They are described here to exemplify
the geology of the lava shield type eruption events and to give some indication of the

type of variation that may occur.

The Ingolfsfjall lava shield is the only shield that has been mapped in detail
during this research. It is situated in the extreme east of the area, forming the upper
200-300 m of the steep-sided Ingolfsfjall table mountain (Figure 3.1 & Map A2). It
covers an area of 25 km? and has an estimated volume of 5 km3. It is composed of
subaqueous hyaloclastite deposits and subaerial compound pahoehoe lavas. The
distribution of these hyaloclastites and lavas is illustrated Figure 3.13. Both volcanic
products are unevenly distributed within the shield, but in general, hyaloclastite
dominates the northern end of the mountain. The subaerial lavas can be subdivided
into monotonous compound lavas and a single, particularly coarse lava exposed on
the plateau of the table mountain (Figure 3.13). In addition, there is the ellipsoidal-
shaped solidified lava lake and the nearby relict spatter agglomerate cone. There are
some outcrops of tillite covering the deposits of the lava shield, both on the plateau

and on the northern flanks.

Volcanic successions are well exposed on the vertical flanks of Ingolfsfjall
(Figure 3.4, & Appendices 1A and 1D). On the south face, hyaloclastite pillow lavas
are overlain by hyaloclastite breccias which give way to compound lavas (Figure 3.4b
& d) which are, themselves, intercalated with thin hyaloclastite horizons (Appendix
1A). There are several linear dykes cutting the succession and abundant feeder tubes
occur within the breccia beds, both of which are contemporaneous with the lava
shield. There are no active or extinct geothermal manifestations within the shield, and
the basalt is unaltered. The edifice is dissected by several non-linear faults that trend
dominantly in a N-S direction and downthrow to the east (Figure 3.13). It should be
noted that fault planes are not evident in the field, and that these faults have been
mapped from aerial photographs.

The absolute height at which the base of the Ingolfsfjall shield occurs (i.e. top
of IM2) varies from 100-275 m and is thought to indicate the undulating nature of the
topography prior to eruption of the lava shield. The NE corner of the shield was
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The Haedir lava shield is situated to the NW of the Hengill Volcanic System
and forms a flat, partly dissected dome (Figure 1.5). It has a radius of 3.4 km
measured from the summit to the edge of the topographic expression to the west. The
lavas cover an area of 36 km? and has an estimated volume of 1.15 km3 of lava
exposed at the surface. The edifice is sharply truncated by faults to the east of the
summit (Figure 1.5). The half-dome has very low slope angles (less than 2°). It is the
oldest exposed eruptive event associated with the Hengill Volcanic System and is
partly buried by younger eruptive units in the fault grabens to the east (Amason et al,,
1987) (Figure 3.11). It is entirely subaerial in origin and composed of compound
pahoehoe lavas of variable thickness. The section of the lava pile studied here is
composed of at least 8 lava flows from the deeper regions of the presently exposed
shield (Appendix 1A).

The Hasmiili lava shield is situated on the western perimeter of the Hengill
Volcanic System (Figure 3.11) and forms a dome structure, half of which is buried by
younger hyaloclastite eruptions (Figure 1.5) (Semundsson, 1967). It covers an area of
7 km?, but is estimated to have covered at least 9 km? prior to burial, and the volume
of exposed material is 0.64 km3. It is similar in appearance to the Hadir lava shield,
except the dome is more pronounced with the flanks sloping at 9°. Hyaloclastite
occurs on the northern flank (Semundsson, 1967), but most of the dome is composed
of subaerial compound pahoehoe lavas. The shield is reported to have been erupted
directly after Ha8ir (Figure 3.12) (Arnason et al., 1987). The section studied here is
composed of five flow-units probably from the mid-region of the shield (Appendix
1A).

The lava shields examined here are composed of monotonous sequences of
eruptive products of variable volume that are believed to have been produced during
one volcanic eruption event, that may have lasted for less than 50 years (after
Szmundsson, 1992). The larger volume shield (Ingolfsfjall) appears to have more
complex geology than Ha6ir and Hismili, but each lava shield is unique in some
way. The small-volume lava shields are similar, but with variable slopes of their
domes. The larger shield is composed of sub-units which may be the result of
variations in the environment of eruption, and/or may represent pulses within the
eruption. The latter is exemplified by the transition between the compound lavas and

the coarse lavas of Ingolfsfjall.
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3.6) Radiometric dates and regional stratigraphy

The opportunity to date twelve samples was offered by Professor R. A.
Duncan (Oregon State University). The most analytically. suitable samples were
chosen from the author's collection from strategic positions within the stratigraphy.
The objectives of dating these specific sample were: 1) to date the commencement of
activity within the Grensdalur Central volcano; 2) to date at least some of the marker
horizons, or eruptive units directly above or below them; 3) to solve specific

problems that exist within the stratigraphy. The method used was K/Ar dating, using
K50 wt. % oxide values obtained during this research by XRF (Appendix 3).

Sample no | Stratigraphic Reason for dating Result (ka)
location
A406 GA10, Hv A sample within the Matuyama epoch (>700 ka). | 592 +/- 117
A524 BA3, Hv This unit is intercalated within the stratigraphy of | 642 +/- 133
Ingolfsfiall and the GCV, B.
A398 BA3, Hv Part of the same eruption event as A524 (unit Excess 40Ar
BA3) which is intercalated with the GCV, B.
A36 BB7, Hv K-rich lavas directly below the IM2, B. 363 +/- 17
AG6S Ingolfsfjall lava To date the 1ava shield eruption event and to 446 +/- 64
shield, Hv correlate it with the GCV, B.
A247 TA3, Hv The freshest material that forms the core and base | Excess 4CAr
of the GCV, B.
Al133 DB7a, Hv Example of western half of the GCV, B. Excess 40Ar
A474 DB7b, Hv Buried lava shield beneath Skalafell, B. 73 +/- 56
A301 S4, Hv Example of the eastern half of the GCV, B. Excess 0Ar
A384 Habir lava Date the shift of activity to He, B; (115-120 ka; 80 +/-109
shield, He *1).
A383 Nesjaskégur, He Lowest fissure eruption in He, B; (100 ka; *1). 59 +/- 38
A374 Hengill eruption, | Date the top of the stratigraphic section sampled Excess 40Ar
He here, B; (50 ka; *1).

Table 3.1: The samples selected for K/Ar age determination, with the reasons for selection, the
stratigraphic location and the age determination in thousands of years (ka). The samples are listed
approximately in order of age, as determined from field relationships. The error bars here, and in
Figure 3.14, represent 10 (R. A. Duncan pers. comm., 1991). Samples that had huge amounts of
atmospheric 4?Ar are indicated accordingly. GCV=Grensdalur Central Volcano; B=Brunhes epoch
(<700 Ka); Hv=Hveragerdi Volcanic System; He= Hengill Volcanic System; (*1)= dates according
1o Arnason et al. (1987).

The sample numbers, their stratigraphic location and the reasons for selection
are summarised in Table 3.1, and the results are shown in Figure 3.14. Overall, the
results satisfy few of the objectives. Nearly half of the samples had excessive
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atmospheric 40Ar, which is probably the result of minor calcite disseminated in the

groundmass of these basalts. The large error bars on all the determinations (except
sample A36) are due to the low K50 content of the samples (Figure 3.14). The only

information provided by these age determinations that could not be deduced
independently from the fieldwork is the age of the BB7 lavas at around 400 ka. The
Ingolfsfjall lava shield was erupted after this time, and at least 1 glacial period later,
indicated by IM2 tillite. This indicates that they are separated by at least 100 ka (after
Harland ez al., 1990). The absolute time that activity began in the Grensdalur Central
Volcano is not determined by these results.

ka

-50 1
0

100

800 l
Brunhes

800

sample  A384 A383 A474 A406 AS24 AB5 A36

unit Heedir Nes. DB7b GA10 BA3 ILS BB7
polarity N N N R N N N
estimated sy 10007 400(@)8) 750(e)  420(e)  300(8)  400(m)

K/Ar age (80) (59) (73) (892) (624) (446) (363)

Key

(*) Arnason et al. (1887)

(&) Pullinger (1891)

(8) Seemundsson & Einarsson (1981)
(A) Seemundsson pers. comm. (1991)
(=) Kristiansson et al. (1988)

Figure 3.14: The results from the K/Ar age determinations (by R. A. Duncan). Error bars represent
1o (R. A. Duncan pers. comm., 1991). Also indicated for each sample is the name of the eruptive
unit; the magnetic polarity (Semundsson & Einarsson, 1980; Kristjdnsson et al, 1988); the estimated
ages from field observations, using tillite horizons and stratigraphy, as determined here and from
other field studies (references indicated in the Key). The actual age determinations from the K/Ar
dating are given in brackets. The age acquired for BB7 indicates that the Ingolfsfijall lava shield was
erupted after 400 ka.
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Overall, the age determinations agree well with the constraints provided by
field mapping. However, there are some minor discrepancies, most of which can be
explained by the large error bars for these samples, due to such low K abundances.
For example, the relationship between A406, AS524 and the Brunhes-Matuyama
boundary, and the relationship between A65, A36 and the IM2 tillite; in both cases
the stratigraphy has been overturned completely by the K/Ar dates. The only
outstanding problem, where the difference in age estimation is well in excess of
analytical error, is for a lava from the DB7b lava shield (sample A474). This problem
cannot be resolved without further field investigation.

3.7) Migration of the locus of magmatic activity

From Figures 3.1 and 3.2, the magmatic activity can be traced both spatially
and temporally. Generally, it appears that the volcanism has oscillated within the
region with a tendency to migrate westwards with time. Within the stratigraphic
column there are natural breaks where the volcanic activity has apparently shifted
elsewhere. For example, from the region occupied by TA sub-group the activity
moved west to the region occupied by DB sub-group, and then east again to produce
the S units. Similar oscillations seem to have occurred in the east between the older
units of GA & BB. It is possible that such "shifts" are a result of an incomplete
stratigraphic section due to erosion and burial. The stratigraphy observed here may
represents only a small fraction of the 2 km thick crustal pile, and not the full
volcanic history of the area over the last 1 Ma. Nevertheless, the evidence suggests
that there may have been volcanic activity in both the Grensdalur and Ingolfsfjall
areas at the same time and when this occurred, the volcanism seems to have been
dominated by lava shield-type eruption events (e.g. the period around 400 ka; Figure
3.2).

3.8) Summary

Volcanology is used, in conjunction with other lines of evidence, to produce a
geology map that illustrates the distribution of the various eruptive units. This map
contains 81 eruptive units which can be divided into five main stratigraphic groups
defined by six marker horizons. The stratigraphy of the Hveragerdi Volcanic System
spans approximately 600 ka, at which time (200 ka) the volcanic activity began in the
Hengill and Hrémundartindur volcanic systems. Each of the morphologically distinct
lava shields in the region has some unique aspect of its geology. Six buried lava
shields are recognised and are related temporally with the Hveragerdi Volcanic
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System. Absolute ages were acquired for selected samples using K/Ar methods; these
date the BB7 eruptive event at around 400 ka. This indicates that the Ingolfsfjall lava
shield was produced after activity had commenced in the Grensdalur Central Volcano
and suggests that the locus of volcanic activity has oscillated over this region for at
least the last 900 ka.

1
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Chapter 4
Petrography and Mineral Chemistry

4.1) Introduction

In this chapter, the petrography and mineral chemistry of basalts collected
from the Hengill to Ingolfsfjall region are described. The aims of this petrological
study were: 1) to explore the petrographic diversity; 2) to examine the petrographic
diversity in terms of regioﬁal distribution; and 3) to establish the extent of
equilibrium between phenocryst and host rock. Petrographic observations were made
from 330 thin sections of samples which are diverse in both texture and mineral
assemblage. The mineral chemistry of a carefully selected subset of 16 samples was
investigated using a Cambridge Instruments Geoscan microprobe fitted with a Link
860 energy-dispersive detector system (Appendix 3). The results of these
investigations are presented below, and the mineral compositions are tabulated in

Appendix 2.

Mineral phases that crystalise from a’primary magmaf do so either prior to, or
during and after eruption. These environments of crystallisation are referred to as
"intratelluric" (prior to eruption in a reservoir) and "quench" (during and after
eruption) (Cox et al, 1979). In general, intratelluric crystals may grow to be large
phenocrysts, whereas quenching produces the smaller crystals of the groundmass.
This relationship is complicated when large crystals form on eruption, such as skeletal
crystals, and when the.intratelluric crystals are small (e.g. some opaque minerals).
Additionally, a continuum of crystal sizes from large to small may exist (seriate
texture), and then it is difficult to determine with confidence the environment of
crystallisation of the individual crystals. With these complexities in mind, the term
"phenocryst” is used here for crystals larger than the grainsize of the groundmass, and
if the site of crystallisation has been confidently established, it is described
accordingly as intratelluric or quench. In the majority of samples examined here, this

distinction is possible.

73




Chapter 4

4.2) Petrological observations
4.2.1) Intratelluric environment
4.2.1.1) Intratelluric single-crystal textures

Olivine phenocrysts of intratelluric origin

These are found as macro and microphenocrysts in a large proportion of the
porphyritic rocks encountered, and range in composition from Fo 86-60 (Figure 4.1).
They are especially abundant in the less-evolved basalts but also occur in more
fractionated eruptive units. In the less-evolved basalts, the olivines are usually
cuhedral to subhedral with inclusions of euhedral chrome-spinel, whereas in the
evolved rocks, anhedral crystals dominate and opaque inclusions are virtually absent.

) 400 b) 400

90 90

80+ 2 80-

70- : 704 ’:§ e
Fo% \ £ g An% :-g §F

60 - 3 60 -

50 1 50

40- 40-

30 30

Figure 4.1: Compositional variation in the crystals formed in the intratelluric and quench
environments: a) for olivine, expressed as Fo %; b) for feldspar, expressed as An %.

Plagioclase feldspar phenocrysts of intratelluric origin

These are highly variable in both texture and composition (An 54-89) (Figure
4.1). The composition may vary by up to 25 absolute molar An % within a single
sample (e.g. sample A495, Appendix 2A, p. 270-271). They range in form from
euhedral to anhedral, show variation in the type of optical and chemical zoning and
have various combinations of fluid/glass inclusions. From this abundant variation,
several textural types of feldspar phenocryst can be distinguished. The shape of the
crystals observed in thin section is dependant on the orientation of the thin section
relative to the crystallographic axes of those crystals. Therefore the variation in
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crystal textures in terms of shape is often displayed as a continuum, and with some

overlap between the textural groups defined below.

The first and most common variety of feldspar is referred to here as
megacryst (Figure 4.2). This crystal type is characterised by its shape, composition
and large size range. The crystals are usually large (1-10 mm) and subequant with a
low aspect ratio. They have calcic crystal-core compositions (An >80) which are
unzoned, or poorly zoned, and often in the shape of an anhedral crystal. The core is
surrounded by a mantle and then a thin rim of feldspar. These are both optically
discontinuous and usually of different composition to each other, as well as to the
core. The An content of the mantle is often similar to that of the smaller euhedral
plagioclase phenocrysts in the sample, whereas the An content of the rim is usually
similar to that of the quench feldspar. The amount of mantle overgrowth and core
resorbtion are variable, resulting in variably-shaped crystals. The history of an
individual crystal is preserved in its optical and chemical zoning, which often
indicates an alternation between growth and resorbtion. However, for the megacrysts,
the core compositions are always highly calcic. Although the mantles and rims are
usually more sodic that the cores, in some cases the reverse is true (e.g. sample A416,

Appendix 2A, p.269).

The cores and mantles of the megacrysts usually have abundant glass
inclusions. Two types of inclusions are observed: ‘1) small dot-like inclusions,
generally restricted to the crystal cores; and 2) larger, elongate, devitrified glass
inclusions, aligned parallel to the cleavage of the crystal and found in both the cores
and the mantles (Figure 4.2). It is generally the case that the crystals (or parts) with
dot-like inclusions are the most anorthitic (An >80) whereas the compositions of the
crystals with the larger elongate inclusions are more varied (An 68-89).

Megacrystic feldspar of this kind is found at numerous spreading centres but is
particularly abundant in the North Atlantic (Aumento, 1968; Melson & Thompson,
1971; Bougault & Hekinian, 1974; Blanchard et al, 1976; Donaldson & Brown,
1977; Natland et al., 1983). Similar plagioclase crystals have also been reported from
Greenland (Larsen er al, 1989). They were first described as xenocrysts (e.g.
Aumento, 1968; Melson & Thompson, 1971) but later, the non-genetic term
"megacryst" was adopted (e.g. Bougault & Hekinian, 1974; Natland et al, 1983).
This terminology is followed here, but it should be noted that the term "megacryst”
does not necessarily imply a crystal of a phenomenal size. Table 4.1 summarises the
characteristic features of feldspar megacrysts described here and from the Atlantic
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(Donaldson & Brown, 1977), and highlights the differences between these crystals
and other feldspar phenocrysts.

Crystal Megacrysts Phenocrysts
Variety
Reference Donaldson & | The Hengill- | Donaldson & | The Hengill-
Brown (1977) | Ingolfsfjall Brown (1977) | Ingolfsfjall
area area
Size (mm) 1-3 1-10 <0.8 <5 long
Shape Round; Round; Euhedral; Euhedral;
subequant | subequantor | bladed tabular or
tabular bladed
Composition | An 85-92 An 80-90 An 73-82 An 54-80

Table 4.1: Comparison of the features of plagioclase feldspar megacrysts and plagioclase
phenocrysts from the Mid-Atlantic Ridge as summarised in Donaldson & Brown (1977) and those
observed from the Hengill-Ingolfsfjall area.

A second variety of feldspar crystals are the tabular intratelluric
microphenocrysts (Figure 4.3). These crystals have a moderate to low aspect ratio.
They often display oscillatory or step zoning, with sharp optical discontinuities, or
they may display gentle sweeping optical zoning throughout the whole crystal. There
is considerable compositional variation within and between crystals of a single sample
(up to 13 absolute molar % of An), and some parts of the crystal may be as calcic as
the megacrysts (up to An 86). Tabular crystals also usually possess a thin rim of
feldspar that is in optical discontinuity with the interior of the crystal. The tabular
variety of feldspar may be similar in appearance to the smaller megacrysts. However
tabular crystals can be distinguished when they display oscillatory zoning, as this is

not a characteristic of the megacrysts.

The third variety of feldspar is much less abundant and forms a more poorly
defined group of euhedral crystals (Figure 4.3). They are texturally and
compositionally varied but are characterised by a high aspect ratio on a prismatic
crystal section. Basal sections would mimic tabular crystals in shape. Collectively, the
euhedral variety of feldspars show features such as elongate glass inclusions, strong
oscillatory zoning, and the ends of crystals are often incompletely formed (Figure
4.3). They lack a mantle of overgrowth, as seen in the megacrystic plagioclase, but

may display a thin rim of feldspar of a more sodic composition (Figure 4.3).
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Pyroxene phenocrysts of intratelluric origin

Clinopyroxene phenocrysts are rare in the samples studied, and are
compositionally classified as augite (En,Wo,Fs,, to En,Wo,Fs,, and
En,,Wo,,Fs,;) (Figure 4.4). The clinopyroxene phenocrysts analysed here from the
Hengill to Ingolfsfjall region show a wide range of augitic compositions, both within
individual crystals and within single eruptive units. Such chemical zoning is common
in pyroxene (Thompson et al., 1980). Clinopyroxene phenocrysts typically occur in
the more fractionated rocks and are absent from the less evolved basalts. The crystals
show a variety of textures, broadly subdividing them into euhedral and anhedral
phenocryst types. The anhedral crystals are usually large resorbed macrophenocrysts
that may have strain extinction and be up to 10 mm in size. By contrast, the euhedral
crystals are generally much smaller (<5 mm), and are thin and bladed in a prismatic

crystal section.
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Figure 4.4: Clinopyroxene compositions projected onto the Di-Hd-En-Fs quadrilateral (intratelluric
crysials = o and quench crystals = a ).

Large clinopyroxene macrophenocrysts, of the anhedral type, are documented
from the Hroémundartindur region (the Mgzlifell picrite, Figures 3.10 & 3.11;
Hardardéttir, 1983; 1986; Risku-Norja, 1985; Trennes, 1990; Hansteen, 1991). Some
of these crystals are endiopside and have higher Cr,O3 and Al,03 wt. % contents
than is usual for mid-ocean ridge basalts (MORB) (e.g. Hansteen, 1991). In the field
and in handspecimen, the clinopyroxenes that occur in the Hrémundartindur region
are petrographically indistinguishable from the anhedral type of clinopyroxene
observed in many of the eruptive units within the Hverager®i Volcanic System.
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4.2.1.2) Intratelluric multi-crystal textures

Crystals produced in the intratelluric environment commonly interact with
each other in glomerophyric clusters and in gabbroic xenoliths. Amongst the
glomerophyric clusters present in these basalts there are generally two types observed,
and feldspar is the dominant constituent in both (Table 4.2). Xenoliths occur in only a
small proportion of the eruptive units where they may be locally abundant.

Agglutinated glomerophyric clusters

These comprise macro and microphenocrysts of feldspar (with or without
olivine and/or clinopyroxene phenocrysts) that are interlocked and strung together,
often in a linear fashion (Figure 4.5a). The megacrystic and tabular varieties of
feldspar form these clusters which are dominantly monomineralic. Olivine
phenocrysts found in association with megacrysts in agglutinating glomerophyric
clusters lack chrome-spinel inclusions. In handspecimen, a single megacryst may
appear as large as a centimetre in length and very rounded. When examined in thin
section, however, this "crystal" is composed of several smaller crystals intergrown, or
of larger megacrysts partly or completely enclosing smaller ones. When olivine and
clinopyroxene are observed in these agglutinating clusters they are anhedral and
subophitically enclose feldspar. Occasionally megacrysts surround interstitial

clinopyroxene, producing mesocumulate texture within the cluster.

Multi-crystal textures Single-crystal textures | Petrological type
(see Table 4.3)

Agpglutinated clusters (Figure 4.5a) | Megacrysts and tabular | 2

Radiating clusters (Figure 4.5b) Tabular and euhedral 3

Table 4.2: Summary of intratelluric multi-crystal and single-crystal plagioclase feldspar textures,
and how these relate to the petrological types described in the text below (Section 4.3).

Radiating glomerophyric clusters

These clusters are composed of microphenocrysts of tabular and euhedral
feldspar phenocrysts that radiate outward from a central point (Figure 4.5b). These
may or may not have olivine macro and microphenocrysts concentrated in the core of
the clusters. The radiating habit that is the characteristic feature of this cluster type is
adopted by variable amounts within single samples and between different samples.
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xenoliths

The xenoliths from the Hengill to Ingolfsfjall region are fragments of coarse-
grained igneous material of a gabbroic nature (Figures 4.6 & 4.7). Such xenoliths
have been described from the Melifell eruptive unit from the Hrémundartindur
Volcanic System (Figures 3.10 & 3.11) (Hardardottir, 1983; 1986; Trennes, 1990;
Hansteen, 1991). A sample of basalt from the Mzlifell eruptive unit, containing
abundant xenoliths, was examined petrographically in this work (Figure 4.6). The
abundant small xenoliths (<3 cm here) display orthocumulate texture with
megacrystic feldspar poikilitically enclosed by either clinopyroxene or olivine. The
composition of the feldspar is highly calcic (cores An 81-99; Hansteen, 1991).
Towards the edge of the xenoliths, the crystals shows resorption along grain
boundaries (Figure 4.6), which indicates that these xenoliths are in a state of partial
disintegration (Trennes, 1990; Hansteen, 1991).

The xenolith sample examined from the Hveragerdi Volcanic System (unit
S12) is a mesocumulate (Figure 4.7). It has interlocking, subhedral, megacrystic
feldspar crystals with abundant glass inclusions in the cores of the crystal.
Compositions of An 90 have been obtained from the core and rims of these feldspar
crystals (Appendix 2A, p. 271). Olivine is a minor constituent that partly encloses the
feldspar, and larger clinopyroxene crystals poikilitically enclose both the olivine and
the feldspar. There is a large amount of intercumulus glass with vesicles, and feldspar
crystals in contact with this glass have a thin, optically discontinuous rim. Xenoliths
found in unit S12 are up to 7 cm in diameter in handspecimen, and are well rounded
and highly spherical.

The xenolith samples examined from the Hromundartindur and Hveragerdi
volcanic systems are thought to be magma chamber flobakion cumulates, with
megacrystic feldspar being the first phase to have crystallised, followed by olivine
and clinopyroxene, the latter two presumably crystallising from the intercumulus
glass. Only megacrystic feldspar occurs in the xenoliths examined here. This strongly
suggests that the feldspar megacrysts represent crystal mush from a magma reservoir
(i.e. cognate xenocrysts). Such crystals may not be in equilibrium with the rock in
which they occur. Further discussion on the origin of plagioclase megacrysts may be
found in Chapter 7.
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may be intergrown with groundmass crystals and/or quench microphenocrysts and is
indicative of simultaneous growth of the groundmass and the rim. This conclusion is
supported by the fact that rim compositions are similar to the quench
microphenocrysts within the same sample.

Pyroxene and opaque crystals of quench origin
The groundmass pyroxene is augite (En,gWo,.Fs;, and En,Wo,Fs,, to

En,, Wo,,Fs,,). There is little difference in composition between the quench pyroxene
and the intratelluric clinopyroxene phenocrysts (Figure 4.4). The quench
clinopyroxene occurs as small subhedral microphenocrysts showing strain extinction,
or as tiny granular crystals in the groundmass. Comb-pyroxene also occurs. Opaque
crystals occur either as euhedral rhombic grains or as wispy thin strands.
Compositionally they are magnetites (Appendix 2D). Chrome-spinel compositions
have been analysed for opaque inclusions within olivine phenocrysts (Appendix 2D).

4.2.2.2) Quench multicrystal textures

The crystals produced in the quench environment usually texturally interact
with each other. Microphenocrysts represent the first minerals to crystalise as the
magma enters a new pressure and temperature regime. Quench textures such as comb
pyroxene and bow-tie intergrowths occur (Figure 4.8b). Such textures, and those for
individual crystals described above, infer rapid crystal growth. The variable texture
exhibited by the groundmass minerals is dominantly governed by the cooling rate
during solidification. Slow cooling will result in textures such as seriate and ophitic
(e.g. sample AS512 from the Ha8ir lava shield), whereas rapid cooling will produce
glass devoid of microlites and crystallites. The groundmass of basalt collected from
hyaloclastite formations usually displays quench textures, including interstitial glass,
comb-pyroxene, spherulitic plagioclase or complete quench in the form of glass.
Basalt groundmass of subaerial lava is usually equigranular and coarse grained. The
grainsize of the groundmass, and the constituent minerals, may vary within a sample,
and the transition from one region to the other may be well defined. This may be
interpreted as evidence of incomplete mixing of magma in different cooling states or

of distinct compositions.
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4.3) Petrological types

In the present study, samples have been divided into three groups on the basis
of crystal textures displayed by the feldspar phenocrysts (Figures 4.2, 4.3 and 4.5).
These groups, or petrological types, are summarised in Table 4.3. Each group has
been subdivided according to various mineral assemblages present amongst the
samples. The mineral assemblages overlap, but each group has distinctly different
textural types of feldspar within that assemblage (except petrological type 3b; see
below). The petrological relationships within petrological types 1-3 are dominant in
the study area, but minor exceptions and deviations from the pattern occur. The first
group, referred to as petrological type 1, includes essentially aphyric rocks, which
have been divided into two sub-groups by the presence or absence of quench olivine
in the groundmass. This group of rocks appearsaphyric in handspecimen but may
contain a few small intratelluric microphenocrysts in thin section.

Petrological | Distinguishing features Subdivisions

Types

Type 1 Essentially aphyric basalt . a) Aphyric + groundmass olivine.
b) Aphyric - groundmass olivine.

Type 2 Feldspar megacrysts with or without a) Feldspar only

(Figure 49a) | clinopyroxene and olivine phenocrysts b) Feldspar + clinopyroxene

(minus spinel inclusions), some of which ¢) Feldspar + clinopyroxene +

may also be megacrystic in origin (Figure | olivine

4.52a).
Type 3 Radiating glomerophyric clusters of a) Feldspar + Olivine
(Figure 4.9b) | intratelluric feldspar microphenocrysts b) Olivine only

usually with abundant intratelluric olivine | c) Feldspar only
macro and microphenocrysts with spinel
inclusions (Figure 4.5b). Other variations

with only feldspar or only olivine exist.

Table 4.3: Petrological types.

The second group includes basalts that have megacrystic feldspar and is
referred to as petrological type 2 basalt. An example of this type of basalt is shown
in Figure 4.9a. The phenocryst content and abundances of this petrological type may
be highly variable within a single eruptive unit. For example, in the Grensdalur
Central Volcano, at Reykjafjall, the petrography of one particular eruptive unit (S9)
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_varies within a single outcrop. A change is observed in a 3x5 m outcrop of feeder
basalt from aphyric at one end, through to highly phyric at the other, with no
detectable contact between the two. Eruptive units like this, with a heterogeneous
distribution of phenocrysts, are referred to as "mixed" in this thesis. Such units
provide further support for the cognate nature of these plagioclase megacrysts.
Euhedral and tabular feldspar phenocrysts may also be present in petrological type 2
basalt but usually in subordinate amounts. When clinopyroxene and olivine occur as
significant constituents they are usually of the anhedral variety, and olivine lacks
chrome-spinel inclusions. Clinopyroxene or olivine of this sort are never observed as
a sole phenocryst phases in any of the eruptive units in the study area, and they are
always associated with megacrystic feldspar. This relationship suggests that these

crystals also represent cognate xenocrysts.

The third group, petrological type 3, includes basalts that have radiating
clusters of feldspar microphenocrysts, with or without olivine phenocrysts, and no
pyroxene phenocrysts, as exemplified in Figure 4.9b. The olivine phenocrysts in this
basalt type dominantly have chrome-spinel inclusions. The majority of basalts that
form this petrological type contain both olivine and feldspar phenocrysts, but there
are exceptions. Many examples of basalt occur with only abundant olivine
phenocrysts (with chrome-spinel inclusions). No basalt occurs with olivine
phenocrysts as the sole phenocryst phase that lack chrome-spinel inclusions. These
have been included with petrological type 3 basalt because of constraints provided by
field observation. In a pile of cogenetic compound pahoehoe lavas (unit DB7b;
Chapter 3, p. 59-60), a transition is observed from basalt with olivine phenocrysts
only, at the base of the section, to basalt with olivine and radiating feldspar
microphenocrysts towards the top. The transition occurs somewhere in the middle of
the pile between sample A474 and A475 (see Appendix 1A, p. 238). Another
exception exists in the form of a single occurrence of basalt dominated by radiating
feldspar microphenocrysts alone. In this basalt type there are very rare
macrophenocrysts of olivine, clinopyroxene and feldspar. The large feldspar crystals
mimic the habit of megacrysts except they have well developed oscillatory zoning at

the margins.

The petrological types defined here are analogous to descriptions of other
basalt samples from MORs and elsewhere. Petrological types 1 and 2 are
petrographically equivalent to aphyric and porphyritic tholeiites, respectively, and
petrological type 3 basalts are equivalent to olivine tholeiites described in Iceland and
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from other MORs (e.g. Langmuir et al, 1977; Jakobsson et al., 1978; Szmundsson,
1979; Batiza, 1982).

4.4) Regional and Stratigraphic distribution of the petrological types
4.4.1) Introduction

Samples that have been investigated petrographically, and those selected for
mineral analyses, are representative of the whole spectrum of petrographic types
discussed above (Section 4.3). They are also strategically positioned within the
stratigraphy of the region (Chapter 3), and span the various eruption types
encountered, i.e. the lava shield, fissure and central volcano (Chapter 1). In this
section, the distribution of the petrological types are examined in terms of
stratigraphy and spatial distribution within the study region. Figures 4.10 and 4.12
illustrate the petrographic variation within the stratigraphy of the Hveragerdi
Volcanic System, and the Hengill and Hromundartindur Volcanic Systems,
respectively. |

4.4.2) Hveragerdi Volcanic System

Ingolfsfjall region

The eruptive units of the Ingolfsfjall region are dominantly composed of
basalt of petrological types 1 and 3, with only one occurrence of petrological type 2
basalt (Figure 4.10). Petrological type 3 basalt occurs in the lava shields and unit
GB4. The Ingolfsfjall lava shield has a much coarser grained lava at the top of the
succession, and the solidified lava lake is composed of gabbro with feldspar,
clinopyroxene and an opaque phase (Figure 2.16). Some of the petrological type 3
units in this region lack feldspar phenocrysts, but the olivines have abundant chrome-
spinel inclusions (e.g. unit BB4). Petrological type 2 basalt forms unit GB6, but the
"megacrysts” in this unit have well developed oscillatory zoning at the margins.
Nevertheless, the abundant olivine and pyroxene phenocrysts classify the basalt of
this unit as petrological type 2 basalt.

Gljurfur region

This region is dominated by petrological type 1 basalt which has very sparse
microphenocrysts of olivine and feldspar present in agglutinating micro-
glomerophyric clusters. There are only minor occurrences of petrological type 3
basalt (¢.g. unit BA3; a lava shields eruptive event). No petrological type 2 basalt was
observed within this region.
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Figure 4.10: Distribution of petrological types (1-3) within the stratigraphy of the Hveragerdi region
(See Figures 3.1 & 3.2, p. 42-43). The recognised lava shield-type eruptive events are encircled
Dashed lines indicates an origin from shields, but where field evidence is not conclusive (see Chapter

3 for discussion on each particular example).

Grensdalur region

Within the Grensdalur Central Volcano, Petrological types 1 & 2 basalt
dominate the stratigraphy. The older eruptive units are of petrological type 1 basalt
(sub-group TA). The younger TB units consist of highly porphyritic petrological type
2 basalts (e.g. units TB1 & TB6) intercalated with aphyric units of petrological type
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1. This pattern is repeated throughout the remainder of the stratigraphic column for
the central volcano, where petrological type 2 basalt dominated. The DB sub-group
has a low phenocryst content (<5% megacrysts), whereas crystal abundances increase
within the porphyritic S units. Petrological type 3 basalt is poorly represented in the
succession of the Grensdalur Central Volcano and is confined to the buried lava
shields of DA1 and DB7b and a veneer of hyaloclastite breccia from unit BA3 that is
intercalated within the stratigraphic section (Appendix 1B).

4.4.3) Hengill and Hr6mundartindur volcanic systems

The petrological variation within the Hengill and Hromundartindur volcanic
systems has been described by Arnason et al. (1987), who observe that the oldest
eruptive units are generally aphyric and the percentage of phenocrysts increases with
time within each volcanic system; a pattern similar to that described above for the
Hveragerdi Volcanic System. Porphyritic units, interdigitated with aphyric units, are
dominantly of petrological type 2 basalt. A summary of the petrological type
determined for the eruptive units sampled here is given in Figure 4.11. Mixed
eruptive units, like those in the Hveragerdi Volcanic system have also been observed
(e.g. Lomatjarnarhéals unit; Figure 4.9a). The lava shield Hadir is composed of a
coarse variety of petrological type 3 basalt, dominantly displaying seriate texture.
Scarce clinopyroxene phenocrysts have been reported from this lava shield
(Hardardéttir, 1983), but none was observed in the samples collected here (eight
successive lavas in total), or in the field outcrops, indicating that they are probably a
minor constituent.

Hasmaili is noticeably different from the other lava shields in that it lacks
abundant olivine phenocrysts and contains occasional clinopyroxene and feldspar
macrophenocryslz These phases, plus olivine, are present in very small amounts (<1%
modal abundance). The radiating clusters of feldspar microphenocrysts are
indistinguishable in texture and composition from those in other petrological type 3
and lava shield samples. The only other occurrence of petrological type 3 basalt is in
the Hengill eruptive unit. In this unit , there is localised accumulation of olivine
phenocrysts observed in the field. The similarity in petrographic character of basalt
from the Hengill unit to basalt from lava shields (e.g. Ingolfsfjall) provides further
supporting evidence which suggests that the Hengill mountain represents a lava shield
type of eruptive event.
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a) Hengill b) Hrdmundartindur
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Figure 4.11: Pertrological variation in a) the Hengill Volcanic System; b) the Hrémundartindur
Volcanic System. The perrological information is from this research, whereas the stratigraphic order
is taken from Arnason et al. (1987). The lava shield eruptive events are underlined. Hengill, proposed
to be a lava shield in this research is underlined by dashes.

4.4.4) Summary of regional and stratigraphic distribution

Each volcanic system is composed of eruptive units that are highly variable in
terms of the petrological type of basalt produced there. However, periods of the
stratigraphy exist where successive eruptive units are dominated by aphyric basalt
(e.g. TA & GA sub-groups). In all three volcanic systems, as the volcanism persists,
the petrological type 2 basalt, with abundant megacrysts, becomes progressively more
abundant. This is well represented in the Grensdalur Central Volcano. The lava
shields recognised within the area are all composed of petrological type 3 basalt,
although there are subtle differences within the mineral assemblages between each
eruptive unit of this type. The fissure eruptions generally erupt petrological type 1
and 2 basalt. In general, the two types of feldspar texture (e.g. Figure 4.5) are
mutually exclusive within eruptive units, and the fact that they are generally restricted
to distinct eruption types suggests that these two types of volcanic eruption event may
each have mutually exclusive magmatic plumbing systems.
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4.5) Crystallisation processes

4.5.1) Principles of equilibrium

Crystallisation mechanisms are broadly divided into two extreme end member
concepts of equilibrium and fractional crystallisation (Cox et al, 1979). During
equilibrium crystallisation, compositional equilibrium between the liquid and the
solid is continuously maintained. This means that, as a crystal grows under
equilibrium conditions, material of continually changing composition is added to its
rim but the crystal remains homogeneous by solid-state diffusion within itself. The
resulting crystals are unzoned and the bulk composition of the end product is the
same as that of the starting magma composition. Fractional crystallisation occurs
where equilibrium between the crystals and the liquid is not maintained. This is
achieved when crystals become separated from the melt or when solid-state diffusion
is insufficiently fast to maintain crystal homogeneity.

In a closed system undergoing fractional crystallisation, the earlier formed
parts of the crystal are prevented from re-equilibrating with the evolving melt by
subsequent crystal growth. The cores of the crystals will then be out of equilibrium,
while the rims will be in equilibrium with the surrounding liquid, resulting in what is
commonly referred to as "normal zoning". Similarly, the first formed crystals will
have a different composition to the last formed crystals. The bulk composition of the
remaining liquid plus phenocrysts in this closed system, will still equal that of the

o e A7 A\
initial primary magma.

In an open system, fractional crystallisation is inevitable. In addition to
crystals with normal zoning derived from the host magma, crystals and liquid may be
physically added to, or removed from, the system. Crystals removed from one melt
and incorporated into another are described as cognate xenocrysts, and any crystals
incorporated from the wall rock are described as accidental xenocrysts. The final bulk
composition of the liquid plus phenocrysts may be drastically different from the
composition of the initial magma. It is likely, therefore, that many magmas involved
in open-system magmatic processes carry their own zoned phenocrysts, as well as
cognate and accidental xenocrysts. It is important to establish whether phenocrysts are
of xenocrystic origin as such crystals may cause the whole-rock geochemical trends to
deviate from the true crystal-liquid fractionation paths.
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4.5.2) Objectives

The porphyritic samples gathered during this research have intrateliuric
plagioclase phenocrysts that show different textures (Figures 4.2, 4.3 & 4.5), and the
olivine phenocrysts found in association with these feldspars are also distinct (Section
4.3). The intratelluric plagioclase phenocrysts define two porphyritic petrological
types of basalt that are essentially mutually exclusive in the field with respect to lava
shields and fissure eruptions (Figure 4.9). These observations suggest that the two
porphyritic petrological types are the result of variable intratelluric environments of
crystallisation. In addition, variation in crystallisation mechanisms and/or
crystallisation histories may have played important roles.

To investigate the magmatic processes that have influenced these basalts prior
to eruption, the compositional relationship, in terms of the degree of equilibrium, is
examined amongst the intratelluric phenocrysts, and between the phenocrysts and the
bulk composition of the host rock. Certain predictions can be made for the various
relationships expected for either open- or closed-system magmatism, and for the
occurrence of foreign crystals. Phenocryst compositions would be more variable for
open-system magmatism, and xenocrysts might be expected to be more strongly out
of equilibrium than true phenocrysts. The methodology behind these investigations is

outlined below.

1) Diagrammatic representation of equilibrium/disequilibrium

If equilibrium exists there should be no variation in the content of Fo or An
between crystals in a single sample and there should be a correlation between Fo (and
An) and the differentiation index, Mg # (!) (Roeder & Emslie, 1970). It is generally
accepted that in natural magmatic systems pure equilibrium crystallisation does not
occur. Therefore, the degree of disequilibrium may be estimated from the extent to
which the above criteria for equilibrium are not met. For this reason, the Fo and An
% of the olivine and feldspar crystals respectively are plotted against their respective
whole-rock Mg # (Figure 4.12).

2) Computer modelling of the nature of the magmatic system
A computer program that models crystallisation processes is used (Nielsen,
1988). The objective is to establish a specific set of conditions for crystallisation and

Mg #= 100 ((MgO/40)

[(Mg©/40)+0.85(Fe0*/72)]
(FeO*=total iron in the sample, regardless of its oxidation state. The Fe;0/FeO ratio = 0.15).
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to sec if the modelled products of this type of crystallisation match the observed
products in the sample. If they do not, then the sample is not the product of
crystallisation under those specified conditions.

4.5.3) Diagrammatic representation of disequilibrium

Figure 4.12 shows the compositional variation in Fo and An % of the olivine
and feldspar crystals respectively relative to the Mg # of the whole-rock
compositions. Generally, multiple data points for a given Mg # value represent
multiple crystals in one sample. All the samples show some variation in both Fo and
An % of their crystals which confirms that pure equilibrium crystallisation has not
occurred. The crystals are differentiated into intratelluric and quench varieties. In
general, the Fo and An % of the quench crystals decreases with falling Mg #, whereas
the intratelluric crystals tend to have higher values of these parameters at a given Mg
#. This suggests that the quench crystals may be in equilibrium with their host liquid,
whereas the intratelluric crystals are not. The compositional difference between
intratelluric and quench crystals is greater for feldspar than it is for olivine.

In Figure 4.12a, the olivine compositions remain fairly constant at about Fo
80 until the Mg # decreases to about 40-45, below which there is a small number of
considerably more fayalitic olivine crystals (Fo <60). In general, there is only a small
compositional difference between the quench and intratelluric olivine crystals (up to
15.4 absolute molar Fo %), with the quench ones being dominantly more fayalitic
than the intratelluric crystals within the same sample.

The olivine crystals in sample A512 (Ha8ir lava shield) are positioned
separately from the other data points with comparable whole-rock Mg # and have Fo
compositions that are similar to those of olivine crystals in samples with much lower
Mg # (Figure 4.12a). This basalt sample has large olivine phenocrysts with
compositions of Fo 80, but the microphenocrysts and smaller crystals have a much
lower Fo content. The seriate texture in the lavas from the Ha&8ir lava shield suggests
that crystallisation was a steady and slow process that took place mostly after eruption
in the closed system of the lava itself. The fayalitic composition of the smallest
crystals can be explained by extensive fractional crystallisation in this closed system.
The other samples from which olivine crystals were analysed in Figure 4.12a have
either finer grained or very glassy groundmass. In these samples, the quenching has
halted fractional crystallisation. This process is schematically illustrated in Figure
4.13.
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Figure 4.12: Variation diagram of a) Fo in olivine, and b) An in feldspar crystals, both against Mg #.
The mineral data are differentiated according to the environment of crystallisation. Crystals of
uncertain crystallisation environment are omitted (<3% total crystals analysed) (except sample
AS512, see text).
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As mentioned earlier, the feldspar compositions are more variable than the
olivine compositions (Figure 4.12b). The An content of the quench feldspar crystals
clearly falls steadily and sharply with decreasing Mg #, whereas the intratelluric
feldspar crystals follow a similar trend with a more gentle slope and a much wider
range of compositions for a given sample (up to 25.6 absolute molar An %). A line
can be drawn through the field of quench feldspar crystals that may represent an
equilibrium crystallisation trend. However, the observations made above for the
olivine crystals of sample A512 may be taken as an indication that this may be an
incorrect assumption. The last crystals to be formed will be in equilibrium with the
Mg # of the last remaining liquid of the magma, and not the whole-rock Mg #. Where
analyses on both whole-rock and glass are available from a single eruptive unit, there
is usually a difference in the order of 5 absolute Mg # units, with the glass having the
higher values (e.g. sample A28; Appendix 4, p. 310 and Appendix 5, p. 351).
Nevertheless, there is a positive correlation between the whole-rock Mg # and An
content of the quench feldspar, and any intratelluric feldspar compositions that fall on
or near this trend are dominantly analyses acquired from the rims of the crystals.

a) Quench b) Slow cooling
T°C
100 ) End * 5‘0 0 100 End 50 0
Forsterite Fayalite Forsterite Fayalite
Fo% Fo%

Figure 4.13: Binary phase diagrams showing the effects of quenching a magma on the composition of
olivine crystals under fractional crystallisation conditions: a) the expected composition of olivine
under quench conditions; b) the expected compositions when cooling is slower and in a closed
system. "start" = the Fo % in the starting liquid,; and "End" = the Fo % in the final solid mineral.

In Figure 4.14a, the intratelluric feldspar crystals are differentiated into
textural varieties (see Table 4.2), and are plotted together with the quench feldspar
crystals. The feldspar megacrysts have the higher An %, and the euhedral crystals fall
in, or just above the field defined by the quench crystals. The tabular crystals from
radiating glomerophyric clusters are much more varied in composition and fill the
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compositional gap between the megacrysts and the quench crystals with some
overlap. Both the megacrysts and the tabular feldspar varieties are out of equilibrium
with the samples in which they occur, but the degree of disequilibrium is greater for

the megacrysts.

Figure 4.14b shows the compositions of the feldspar megacryst cores only,
relative to the composition of the quench feldspar. The cores of the megacrysts are
unzoned and show rounded and often resorbed margins separating them from their
mantles. These cores are thought to represent the initial megacryst crystal before the
mantle and rim were added. It is evident that the megacryst core compositions are
virtually constant, with a slight negative trend, in the region of An 80-90%, regardiess
of the Mg # of the whole-rock or the composition of the quench feldspar of the basalt
in which they occur. This suggests that they could have been the result of a single
regular magmatic crystallisation process in an environment where the magma had a
very uniform composition. This consistency in composition further suggests that the
feldspar megacrysts are foreign to the rock in which they now occur.

There is one occurrence of feldspar megacrysts where the rims have similar
compositions to the cores (S1 unit, Sample A416, Appendix 2A, p. 269). This
suggests that the composition of the whole-rock is in equilibrium with the megacrysts,
and this composition may represent the type of magma that crystallised these very
commonly occurring crystals. However, this unit is compositionally unique within the
Hveragerdi area. The compositional relationship observed in sample A416, between
the cores and rims of the feldspar megacrysts, has also been reported from the Krafla
region, N Iceland (Nicholson, 1990).

In contrast to the megacrysts, the oscillatory zoned tabular feldspar crystals
have much more varied An content (Figure 4.14a), which suggests that they have
crystalised in an environment with very irregular composition. The oscillatory zoning
indicates that the parental melts did not simply evolve towards precipitating less
anorthitic compositions. The radiating texture of the tabular microphenocrysts of
feldspar suggests that the crystallisation mechanism was consistent. Such a
mechanism is not well defined or obvious, but the radiating clusters are similar to the
variolitic habit adopted during quench crystallisation (Figure 4.8). It is proposed here
that the radiating glomerophyric clusters of oscillatory zoned tabular feldspars may
represent crystallisation en route to the surface in dykes extending to the surface from

considerable depths.
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Figure 4.14: Feldspar compositions (An %) plotted against the Mg # of the whole-rock samples in
which they occur: a) Crystals differentiated into textural varieties of intratelluric feldspar
Phenocrysts (Section 4.2.1.2; Table 4.2) and quench feldspar; b) megacryst crystal core compositions
plotted together with the quench crystals.
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In summary, the diagrams presented above (Figures 4.13 & 4.15) may be used
to infer the degree of disequilibrium between crystals and whole-rock in which they
occur. The megacrysts and tabular varieties of intratelluric feldspar both represent
disequilibrium phenocrysts. The main difference between them is the degree of
variability in their composition. This difference is thought to reflect differences in
their mechanism and environment of crystallisation.

4.5.4) Computer modelling of the nature of the magmatic system

Selected sample compositions were modelled using the computer program
T'RACE3.FOR (Nielsen, 1988). This program is designed to model low-pressure
differentiation processes in natural mafic and intermediate magmatic systems. Given
a magma composition, the program calculates the mineral compositions, proportions
and equilibrium temperatures of crystallisation for each phase. After each calculation,
a prescribed increment of the liquidus phase(s) is removed from the liquid and the
program loops back to calculate the equilibrium temperature and composition for the
residual liquid. The version of the program used here is written in FORTRAN and is
run in DOS from a diskette.

The program provides an option for either closed- or open-system
magmatism. The program options selected for this modelling are for closed-system
fractional crystallisation. Whole-rock analyses have been used as starting
compositions, and the predicted equilibrium phases and their compositions are
compared with those observed in the eruptive unit concerned. If the sample is the
product of closed-system fractional crystallisation, the program is expected to predict
the observed assemblage. However, if xenocrysts of exotic compositions are present
in small amounts, the modelling will be unable to predict them, and if they are very
abundant the whole-rock composition may be so different from the original magma
that none of the observed phases will be predicted. Samples from four eruptive units
were modelled here that represent the two porphyritic petrological types, 2 and 3
(Table 4.3). These samples and the results of this modelling are summarised below
and the details are provided in Table 4.4.

1) Petrological type 2 basalt: Sample A495

This is a highly porphyritic hyaloclastite basalt fragments from unit S12 with
phenocrysts of feldspar (megacrysts, euhedral and tabular varieties), olivine and
clinopyroxene. The feldspar megacrysts occur in agglutinating glomerophyric clusters
with the olivines and clinopyroxenes. The groundmass is largely glassy, with local
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occurrences of comb-pyroxene, and abundant quench microphenocrysts of feldspar
and olivine. Disequilibrium of the phenocrysts is suggested in Figure 4.12. The
phases predicted by the modelling are not observed in the sample as phenocrysts or as
crystals in the groundmass. This suggests that the sample is not the product of closed-

system fractional crystallisation.

Sample | Eruptive Pet | 1% | T°C | Calculated Observed
unit type (Nielsen, 1988)

A495 S12 2 1 1197 | An66 Phen: Fo 86-75; An 85-59; augite
9 1195 | An 65 Ground: Fo 77; An 78

Ad74 DB7b 3 <1 1286 | spinel Phen: Fo 86-83 + spinel
1 1239 | Fo 82 + spinel Ground: Fo 83-77; An 78; augite
4 1236 | Fo 82

AS554 Ingolfsfjall | 3 1 1225 | Fo 81 + spinel Phen: Fo 80-82; An 83-82
8 1164 | Fo 78 + An 63 Ground: An 71; olivine; augite

AS50 GB4 3 <1 1275 | spinel Phen: Fo 85-89; An 81-85
1 1220 | Fo 88 + spinel Ground: felds., olivine, pyroxene

1206 | Fo 87, An 78 + sp.

Table 4.4: Results of crystallisation modelling. I % = increment of fractional crystallisation
expressed as a percentage; Pet type = petrological type (as defined in Table 4.3)

2) Petrological type 3 basalt: Sample A474

This is a lava from the DB7b eruptive unit (buried lava shield). The basalt has
intratelluric olivine phenocrysts, the larger of which have chrome-spinel inclusions
(Appendix 2D). The groundmass is fine-grained and granular with quench
microphenocrysts of feldspar and olivine. The predicted phases for this sample
closely match the observed assemblage, which suggests that the sample could have
crystalised at low pressures in a closed system by fractional crystallisation processes,
and that no significant addition of foreign phenocryst of drastically different

composition has occurred.

3) Petrological type 3 basalt: Sample A554

This is a hyaloclastite basalt fragment from the Ingolfsfjall lava shield. Mineral
analyses have been acquired from the glassy A9 sample of the same lava shield,
which contains intratelluric micro and macrophenocrysts of olivine (plus chrome-
spinel inclusions) and radiating feldspar microphenocrysts. The modelling predicts
the compositions of the olivines, but fails to predict the high An content of the
intratelluric feldspar compositions. There is a difference of 20 absolute molar An %
between the predicted and the observed feldspar compositions.
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4) Petrological type 3 basalt: Sample A550

This is a hyaloclastite basalt fragment from the GB4 eruptive unit. It too has mineral
analyses acquired from a glassy sample from the same unit (sample A44). The whole-
rock sample (AS50) is less porphyritic than A554, from the Ingolfsfjall lava shield,
but has the same constituent phenocryst phases in the same proportions. The
modelling reproduces the observed olivine compositions, but not the feldspars, which
are predicted to be much lower in An content than those observed; however, the
difference in An % is only 7 absolute molar An %.

In summary, the results of the modelling suggest that petrological type 2
basalt (sample A495) has not experienced shallow-level, closed-system fractional
crystallisation, and open-system magmatism is strongly suggested by the failure of the
program to reproduce any of the observed phases. The DB7b lava shield may have
been produced by closed-system fractional crystallisation, whereas Ingolfsfjall and
unit GB4, of the same petrological types, could not have been. In all three examples
of petrological type 3 basalt, the program matches well the olivine compositions, but
not the feldspar, where it occurs. This modelling, coupled with petrographic
observations and inferences made from Figures 4.13 & 4.15, suggests that the
disequilibrium feldspar phenocrysts can be divided into two categories: the
megacrysts and the radiating tabular feldspars, neither of which are the product of
closed-system magmatism An explanation has to be sought to explain why one
variety is consistent in composition (i.e. megacrysts), while the other prdduc&s

variable compositions (i.e. tabular).
4.6) Summary

The rocks studied in this thesis are similar to other Icelandic basalts and
MORB (e.g. Donaldson & Brown, 1977; Nicholson, 1990). Their crystals can be
divided on textural grounds into intratelluric and quench varieties. Amongst the
intratelluric feldspar phenocrysts there are two mutually exclusive varieties: the
feldspar megacrysts that tend to form agglutinating glomerophyric clusters; and the
tabular microphenocrysts that form radiating glomerophyric clusters. Feldspar
crystals observed in cumulate xenoliths are of the megacrystic variety.

The samples are divided into petrological groups on this textural basis. Each
group is further subdivided on the basis of observed mineral assemblages. By
examining the regional and stratigraphic distribution of these basalt types, it is
concluded that all the lava shields are composed exclusively of petrological type 3
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basalt. The Hengill mountain is also composed of this type of basalt. In the
Grensdalur volcano and the Hengill and Hrémundartindur volcanic systems the
feldspar megacrysts become progressively more abundant with time. The mutually
exclusive occurrence of these basalt types between lava shields and fissure type
eruptive units suggests mutually exclusive environments of crystallisation, where the
crystallisation mechanisms are different.

The degree of disequilibrium between the phenocrysts and their hosts is
investigated, and the samples are modelled in terms of closed-system magmatism. It
is observed that the megacrysts are of nearly constant composition, regardless of the
degree of differentiation of the sample in which they occur. The radiating feldspars
are also out of equilibrium, but by lesser and more varied amounts. The observed
mineralogy of the two porphyritic suites can not be totally reproduced by modelling
closed-system fractional crystallisation. For petrological type 2 basalt none of the
observed phases are reproduced, whereas for petrological type 3 basalt only the
radiating felspars can not be reproduced, which are consistently more anorthitic than
the predicted compositions.
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Geochemistry

5.1) Introduction

In this chapter, the geochemistry of the rocks from the study area is described
and used to elucidate their genesis. A brief explanation is given on the types of
geochemical diagram used and the petrogenetic information that can be derived from
them. The variation in the data is then examined in terms of the petrological types,
and the regional and stratigraphic distribution of the samples, as described in Chapters
4 and 3 respectively. Finally, petrogenetic modelling is employed to constrain the
origin of the rocks. Previous geochemical investigations in the study area have been
restricted to various eruptive units in the Hengill and Hrémundartindur regions
(Hardardéttir, 1983; 1986; Trennes, 1990; Hansteen, 1991) and none has
concentrated on the Hveragerdi Volcanic System.

About 450 samples were analysed from the study area. Chemical analyses
were performed on both whole-rock and volcanic glasses, and the techniques
employed are detailed in Appendix 3. The whole-rock data are tabulated in Appendix
4, and the volcanic glass data are in Appendix 5. Major element oxides and some
trace elements were routinely analysed by X-Ray Fluorescence (XRF) spectrometry,
whereas other trace elements, including the rare earth elements (REE), were
determined by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-
AES) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). A summary of
methods, elements and samples analysed is given in Figure 5.1. In cases where an
element was analysed using more than one method, only the concentration obtained
by the most accurate method is shown and tabulated in Appendix 4 (after Potts,
1987). Precision error bars (20) for the XRF analyses are assessed by the deviation of
replicate analyses on International Reference Materials (IRM) and internal monitors

(tabulated in Appendix 4, p.308).
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Volcanic glass samples were analysed by electron microprobe for major
element oxides (24 sampl%. These include those oxides listed in Figure 5.1 for the
whole-rock fused powders, plus chromium. About 4-5 spots were analysed per
sample and their compositions averaged. For both whole-rock and volcanic glass
analyses, iron is expressed as FeO*, which indicates total iron content detected in the
sample, regardless of its oxidation state.

[ XRF - powdered pellets *4‘
425 samples
Major element oxides (FeO*, Ca0, Na,0, K»0, TiO3, MnO, P»05)

Trace elements (Nb, Zr, Y, Sr, Zn, Ni, V, Cr, Ga, Sc, Co)

| XRF - fused powders |
50 samples
Major element oxides (SiO,, Al0O3, FeO*, MgO, CaO,
Nay0, K50, TiO5, MnO, P,03)
L
I
I XRF - powdered pellets I

153 Samples
LREE (La, Ce, Nd)

[ XRF - powdered pellets ]

52 Samples
Trace elements (Rb, Ba)

ICP-AES
20 Samples
Trace elements (Ba, Y, La, Ce, Pr, Nd,
Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu)

ICP-MS

2 Samples
Major elements (TiO5, MnO)

Trace elements (Nb, Zr, Y, Sr, Zn, Ni,
V, Cr, Ga, Sc, Co, Cu, Rb, Cs, Ba, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, Hf, Ta)

Figure 5.1: Flow chart illustrating the various analytical techniques used on the whole-rock
samples; the number of samples analysed by each technique; and the element oxides and trace
elements obtained from each.

Because of the presence of a high-temperature geothermal field in the study
area, hydrothermally altered rock is locally abundant, particularly in the core of the
Grensdalur Central Volcano. There have been numerous accounts of element mobility
¥ 502, 20z ard MgD were also determined fan pwdered pollels, and are tebolated
Appendix U ; however, bney are st incdodedipg in tha ar(jumh presoded n Hhaie Lhephes
bocavse these debm are of foo low qualdy, L6 6
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in basalts resulting from hydrothermal alteration (e.g. Mottl & Holland, 1978;
Humphris ez al., 1980; Morrison & Thompson, 1983; Berndt et al.,, 1988) and many
of the samples demonstrate obvious alteration in thin section. For this reason it was
necessary to evaluate the degree of element mobility in the present suite of samples.
Elements found to be mobile include CaO, Na,O, K;O, Sr, Ba and Rb. Other
elements that display random scatter, but to a lesser degree, include FeO*, Co and V.
These elements are present in secondary opaque minerals, such as pyrite, which is
observed in some of the intensely altered areas. Altered samples are indicated
accordingly in Appendix 4 and omitted from diagrams involving these elements

(unless stated otherwise).

5.2) Geochemical systematics and data presentation

5.2.1) Systematics

There may be much compositional diversity within a suite of igneous rocks.
This diversity, however, is normally not random and there is a geochemical
"coherence” (Cox et al, 1979). Often chemical variations are expressed as a
continuum which is usually interpreted in terms of an evolutionary sequence. For
example, unevolved, basic igneous rocks are often considered to change progressively
to more-evolved, acid igneous rocks. This coherence stems from the differing
chemical behaviour of the various elements that constitute the minerals which
crystallise from magmas, and the consequent effects of the accumulation of such

minerals within, or their separation from, an initial liquid.

In magmatic systems, differential partitioning of elements between crystals
and melt is controlled by pressure, temperature and melt composition. Elements that
preferentially partition into the solid phases are referred to as compatible elements
and those which preferentially partition into the liquid are referred to as incompatible
elements. The degree of compatibility of an element with a particular mineral phase is
expressed by its distribution coefficient (Ky); the concentration of the element in the

solid divided by its concentration in the liquid (Arth, 1976).

In a MOR environment, the mineral phases involved in mantle melting
processes are olivine, orthopyroxene, clinopyroxene, and spinel (i.c. a dry system).
Garnet could also be involved when melting starts at greater depths (approximately
75-85 km; Nickel, 1986). The main mineral phases associated with basalt

crystallisation processes are usually olivine, plagioclase, clinopyroxene and
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orthopyroxene but accessory minerals, such as chrome-spinel, magnetite, ilmenite,

zircon and apatite, may also occur.

Certain major element oxides are compatible with specific mineral phases.
MgO is compatible with olivine and pyroxene; Al,O3 with feldspar and spinel; CaO

with feldspar and pyroxene; FeO* and TiO, with pyroxene, magnetite and ilmenite;
Cr,05 with chromite and pyroxene; and P,O5 with apatite. SiO, is present in most of

the major rock-forming minerals but not in the accessory minerals that occur in a
basaltic system.

The trace elements also preferentially partition into specific mineral phases:
Cr is compatible with chrome-spinel; Co and Ni with olivine, orthopyroxene,
clinopyroxene, garnet and spinel; Sc with orthopyroxene, clinopyroxene, magnetite
and garnet; V with magnetite and pyroxene; Sr (and Eu) with plagioclase; the REE
with apatite; Zr and the heavy REE (HREE) with zircon; Y and the HREE with
garnet. The list of elements below are those that have been analysed during this
research, and they are arranged in order of decreasing incompatibility in a dry basaltic
system: K, Rb, Ba, Nb, La, Ce, Pr, Sr, Nd, P, Zr, Sm, Ti, Eu, Gd, Dy, Ho, Y, Er, Yb,
Lu, Ga, V, Sc, Zn, Co, Ni, Cr (i.e. K is the most incompatible and Cr is the least
incompatible element). However, this order varies slightly from author to author and
is subject to new information on the values of K from experimental studies. All the
trace elements, when referred to in this thesis, will be listed in their order of
incompatibility, as above (from Kostopoulos, 1988).

5.2.2) Data presentation

The geochemical diagram is used to display correlations between different
elements or combinations of elements. There are many different types of geochemical
diagram available. Below is a brief description of the diagrams used here and how
petrogenetic information may be extracted from them.

1) Variation diagrams: These are simple X-Y plots in which a single parameter (i.e.
element or element combination) may be fixed on the X-axis whereas the Y-axis
parameter is allowed to vary so that correlations between X and different Y elements
may be observed. When examining a basaltic system, it is common to use on the X-
axis a parameter compatible with mafic phases (e.g. Mg or Ni). This is because the
mafic phases crystallise first relative to the salic ones, and thus provide a starting-
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point from which to examine an evolutionary sequence. This parameter on the X-axis
is referred to as a differentiation index.

An ideal differentiation index would be a linear function of falling
temperature in the magmatic system (Wager, 1956; Nielsen, 1988), and behave in a
similar manner to the trend displayed in Figure 5.2. Variation diagrams of any
element against a differentiation index for a cogenetic suite of rocks, therefore, depict
the evolutionary path(s) of the parental melt(s) as fractional crystallisation proceeds.
This path is often called the liquid line-of-descent (Cox et al, 1979). It is shown best
by analyses of samples that represent true liquid composition (i.e. aphyric whole-rock

or volcanic glass samples).

1300 - Primary meI't-
.
1250 - S
Temps '
.C -~
10% );
20%..- =~
1200 - 0%
40%a -
50%a-=""
1 1 50 T ] T ¥ ¥ 1
50 55 60 65 70 75 80
Mg #

Figure 5.2: A variation diagram of Mg # and temperature (Temps. °C) of the crystallising liquid. The
primary melt composition is from Nui & Batiza (1991), and the liquid has been fractionated o0 50 %
using the crystallisation program of Nielsen (1988) (See Section 4.5.4). Increments of closed-system
fractional crystallisation are indicated on the trajectory.

The differentiation indices used here are Ni ppm and magnesium number (Mg
# - as defined in Section 4.5.3, p. 95). For the whole-rock samples, the differentiation
index used is Ni because MgO was not detcrmineaccl;rf“(‘)*lf the majority of those samples
(Figure 5.1). Reference to Figure 5.3, however shows that the choice of Ni as an
alternative index is justifiable. For the volcanic glass samples the Mg # is used in the
absence of Ni. The Mg # is preferred over MgO because it is unaffected by
plagioclase crystallisation (Cox et al., 1979).
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2) Normalised multi-element diagrams: These allow comparison of the variation of a
large number of element between samples. In this type of diagram the symbols for the
elements appear on the X-axis, whereas their concentrations appear on the Y-axis on a
logarithmic scale. The elements are usually arranged in order of increasing
incompatibility in a basaltic system (right to left on the X-axis). Two variants of
multi-element diagram are used here: normalised REE diagrams and normalised
multi-trace element diagrams (also known as extended REE diagrams or
spidergrams). Normalisation filters off intrasample variations (otherwise seen as
troughs or peaks) caused by differences in the absolute abundances of elements. By
using a logarithmic scale on the Y-axis, the relafive enrichment or depletion in a
particular element between different samples is easily observed.

80 -
4 * *
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60 . o S bt
¢
Mg # ) ::0.0 :f‘
40{ PR
L 2 * .
* .
20 .
10 100 1000
Ni ppm

Figure 5.3: Mg # plotted against Ni ppm on a logarithmic scale for samples with fusion major
elements available. ]

Several compositions have been proposed in the past as normalising factors
for multi-element diagrams. The most widely accepted are the average chondrite, the
average Normal Mid-Ocean Ridge Basalt (N-MORB) and the average primitive upper
mantle (PUM). The normalising values used here are those of the average chondrite
(Boynton, 1984; Thompson et al, 1984; Sun & McDonough, 1989) except for the
elements K, P and Ti which are taken from Thompson et al. (1984). These values are
listed in Appendix 3 (p.305).

The profiles on multi-element diagrams can be used to constrain partial
melting and crystallisation processes, and also to detect mobility of elements due to
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alteration within a suite of samples. During partial melting, incompatible elements
will be much more efficiently extracted from the source than the compatible
elements. At small degrees of melting, the melt will be enriched in these elements
relative to the mantle source region. For N-MORB, this results in multi-element
profiles for the liquids that slope downwards from left to right. With increasing
degree of partial melting, the profiles are expected to rotate towards the source. This
is due to the fact that larger extents of melting eventually bring about greater dilution
of the concentrations of the most-incompatible elements as melt segregates from the
source and accumulates (Kostopoulos & James, 1992). The actual behaviour of the
profiles during melting processes will be strongly dependant on the style of melting

and the initial composition of the source.

The multi-element diagrams are often used to describe the degree of

enrichment or depletion in basalts. If parameter X is used in normalised form it is
symbolised as Xj. For example, the normalised enrichment factor of the Light REE

(LREE) over the HREE is commonly expressed as [La/Yb],. When this ratio is

greater than one, the samples are described as LREE-enriched, and when it is less
than one, they are described as LREE-depleted, relative to the normalising
composition.

Following the same rationale as for partial melting, fractional crystallisation
of a parental magma will also effect the profiles on these diagrams. However,
fractional crystallisation generally increases the abundance of all the incompatible
elements simultaneously, producing parallel profiles. It is only when fractional
crystallisation becomes extreme that the ratios between the incompatible elements in

these diagrams are affected (i.c. the reverse of partial melting).

There are some cases where elements are strongly partitioned into major
crystallising phases (e.g. Sr and Eu into plagioclase), or into accessory minerals (e.g.
Ti into magnetite). If such a mineral phase fractionates from a liquid, troughs, or
negative anomalies, are observed in the multi-element profiles for the elements
concerned. Conversely, if such a mineral phase accumulates in the liquid, peaks, or
positive anomalies, are observed. In this way, these diagrams may be used to detect
the extraction or accumulation of some mineral phases. Alteration processes cause
enrichment or depletion (i.e. peaks or troughs) of mobile elements in the normalised
multi-trace element profiles. There may be great variation in these elements for a
suite of altered samples which is neither consistently enriched nor depleted (e.g.
Ludden et al., 1982; Bartley, 1986).
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3) Ternary normative diagrams: Temary projections using CIPW-norm and similar
calculations have long been used in igneous petrology to classify rocks (Muir &
Tilley, 1964) and to depict melting paths or liquid lines-of-descent (e.g. O'Hara,
1968; Thompson, 1987). Projection from a particular phase implies saturation of the
liquid in that phase, and it is common to project basalts from plagioclase onto various
normative ternary diagrams comprising olivine (ol), nepheline (ne), hypersthene (hy),
diopside (di) and quartz (qz). Rocks projecting into the di-hy-ol field are called
olivine tholeiites, whereas those projecting into the di-hy-qz field are called quartz
tholeiites. Rocks projecting onto the di-ol-ne field are generally silica-undersaturated
basalts, and are called alkali olivine basalts and basanites. In these ternary projections,
the experimental defined 1l-atmosphere cotectic (Walker et al, 1979) for the
assemblage of olivine, plagioclase, clinopyroxene plus liquid is usually indicated.
Samples that fall on or near this cotectic are generally regarded as products of
shallow-level crystallisation (<2 kbars).

5.3) Overall compositional variation
5.3.1) Whole-rock compositions

In Figures 5.4 and 5.5, major element oxides (wt.%) and selected trace
elements (ppm) are plotted against Ni (ppm) in variation diagrams with a semi-
logarithmic scale. There is a wide range in Ni (13-381 ppm) but most samples lie
between 50-100 ppm, forming a dense cluster. This is emphasised by the larger
number of samples analysed for certain elements (e.g. FeO* in Figure 5.4c). There is

considerable scatter for all element oxides and elements at a given degree of
differentiation (i.e. Ni value), but it is more pronounced for Al,O3, FeO*, CaO,

Na,O, TiO,, MnO, Sr, V and Sc. The scatter cannot be explained by alteration, as the

affected samples are excluded from these plots, nor by analytical error which, in most

cases, is less than the size of the data point in these diagrams.

Despite the scatter in Figures 5.4 & 5.5, the abundances of compatible element

oxides and trace elements generally decrease with decreasing Ni (e.g. MgO and Cr),
while the incompatible element oxides and elements increase (e.g. FeO*, Na,0, K,0,

TiO,, MnO, P,Os, Nb, Sr, Zr and V). In Figure 5.4a, SiO, increases only slightly
until Ni drops below 20 ppm, at which point SiO, rises sharply. The trends displayed
by FeO*, TiO, and V change between 20-30 ppm Ni (Figures 5.4c & 5.5d). The trend
for Al,O3 is poorly defined, but generally decreases slightly with decreasing Ni

(Figure 5.4b). The abundance of CaO increases first before decreasing as Ni falls
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below 100 ppm and, although there is considerable scatter for Sc, a similar trend is
seen there (Figures 5.4¢ & 5.5¢).
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Figure 5.4: Major element oxides (wt. %) plotted against Ni (ppm) for whole-rock samples. Precision
error bars (20), as assessed by the deviation of replicate analyses on International Reference
Materials and internal monitors, are indicated in the bottom left-hand corner of the diagram, when
greater than the size of the data point. Error (20) for Ni is 12 ppm (all values are tabulated in

Appendix 3, p. 308).
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Figure 5.5: Selected trace elements (ppm) plotted against Ni (ppm) for whole-rock samples.
Precision error bars (20), as assessed by the deviation of replicate analyses on International
Reference Materials and internal monitors, are indicated in the bottom left-hand corner of the
diagram when greater than the size of the data point. Error (20) for Ni is 12 ppm (all values are
tabulated in Appendix 3, p. 308).

The trends in these diagrams can be used to indicate which mineral phases
have fractionated from the liquids represented by these samples (Section 5.2). The
decrease in the abundance of the compatible element Cr suggests fractionation of
chrome-spinel, and the decrease in MgO and Ni indicates that olivine has fractionated
from the liquids. Both these minerals are observed as phenocryst phases with or
without feldspar (Chapter 4). Samples with lower MgO and Ni have fractionated
more olivine than samples with higher MgO and Ni. The change in the trend of CaO,

coupled with Sc, at 100 ppm Ni is likely to indicate the addition of clinopyroxene to
the crystallising assemblage. The change in the trends of FeO*, TiO5, MnO and V at
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approximately 20-30 ppm Ni indicates a further change in the fractionating

assemblage. All these oxides (and V) partition into magnetite, and the removal of this
non-silicate phase also causes the sharp increase in the abundance of SiO,. The oxides

and trace elements, Na,O, K,0, P,O5, Nb and Zr, remain incompatible within this

suite of rocks. Collectively, these observations are in accordance with the expected
liquid lines-of-descent for a suite of basaltic to andesitic igneous rocks (Section 5.2).

Sample A550

Rock/chondrite

T T L T

| L L L L
P Z Sm Eu T Dy Y H Yb Lu

Figure 5.6: Chondrite-normalised multi-trace element diagrams for 20 samples with the full
chemical data set. All elements are normalised to chondrite, except K, P and Ti, which are from
Thompson et al. (1984). Samples A550, discussed in the text, is labelled accordingly and plotted in
bold. [Some altered samples are included here].

In Figure 5.6, some samples are plotted on a chondrite-normalised multi-trace
element diagram. Certain elements display considerable variation relative to adjacent
elements (e.g. Rb, K, Sr, P, Eu and Ti); some of these are known to be mobile during
hydrothermal alteration (e.g. Rb, K and Sr) (Section 5.2). There is some correlation
between the degree of variation in these mobile elements and the amount of
interstitial glass observed in thin section. The differences in the abundances of Ti and
Eu may be explained by the precipitation or accumulation of accessory minerals
phases for Ti, and feldspar for Eu. However, the variable negative P anomalies are
harder to explain. The trend in Figure 5.4j suggests that precipitation of apatite has
not been involved in the fractionation of these liquids and that P is behaving as an
incompatible element. This indicates that there may be slight mobility of the P in

these samples, which is supported by the degree of scatter in Figure 5.4f which is
equal to that in Figure 5.4g for K,0. One extremely glassy and altered sample has

extreme enrichment in P,O5 (samples A497, Appendix 4, p. 328). Such P mobility
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has recently been reported for boninites from the western Pacific (Murton et al,
1992). The behaviour of Sr in these profiles in Figure 5.6 could be due to either
element mobility, or feldspar precipitation and/or accumulation.

Samples A413, A368, A346

1

g

10

La Ce Pr Nd Sm Eu Gd Dy Ho Er Yo Lu la Co Pr Nd Sm Eu Gd Dy Ho Er

Samples A550, A416

1

Sample AS50

r—v 1 v
La Co Pr Nd Sm Eu Gd Dy Ho Er Yo W La Co Pr Nd Sm Eu Gd Dy Ho Er

Figure 5.7: Chondrite-normalised REE diagrams for 20 samples [Some altered samples are included
here]. They are divided into four groups depending on their degree of enrichment, expressed as
[La/Yb]n. All elements are normalised to chondrite (Boynton, 1984). Sample A550, discussed in the
text, is labelled accordingly. The dashed line for this sample indicates the estimated profile for the
LREE had it not experienced alteration (see text).

Figure 5.7 illustrates the variation in the chondrite-normalised abundances of
REE. For clarity, the samples are separated into four groups with similarities in their
REE patterns. The samples range from very LREE-enriched to slightly LREE-
depleted ([La/Yb], ranges from 5 to <1), but the LREE-enriched samples are the
most abundant (Figure 5.7a & b). The most LREE-depleted sample (A550) of REE-
group 4 appears to have a concave-upwards pattern between Nd and La (Figure 5.7d).
This sample appears fresh in handspecimen and, in thin section, the constituent
groundmass minerals (olivine and plagioclase) are fresh. However, the interstitial
glass in this sample is altered to a combination of smectite and chlorite. Within the
outcrop from which this'sample was collected there is locally intense zeolite alteration
and replacement of the hyaloclastite matrix. These observations suggest that this
LREE enrichment in this sample is the effect of element mobility of La and Ce from
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within the interstitial glass. This sample also shows extreme relative enrichments in
K, P and Sr in the chondrite-normalised multi-trace element diagram in Figure 5.6.
The dashed lines in Figure 5.7d mark the predicted pattern of this sample had it not
experienced LREE enrichment by alteration. Mobility of LREE has also been
observed and described by Thompson (1973), Frey et al. (1974), Wood et al. (1976)

and Bartley (1986).
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Figure 5.8: Major element oxides (wt. %) plotted against Mg # for the volcanic glass samples.
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53.2) Volcanic glass compositions

In Figure 5.8, the major element oxides are plotted against Mg # for the
volcanic glass samples, which ranges from 67-23 and clusters around 40-55. In this

cluster there is also the maximum variation in the abundance of other elements. The
compatible element oxides decrease with decreasing Mg # (e.g. Al,O3 and MgO),

whereas the incompatible element oxides increase (e.g. FeO*, Na,0, TiO, and K;,0).

The element oxide CaO behaves as a compatible element in Figure 5.8¢, which is in
contrast to Figure 5.4e. This suggests that lower CaO, high Mg # basalts, that define
the negative portion of the trend in Figure 5.4¢ for Ni-CaO, have not been sampled
for volcanic glass.

ne di qz
- > ‘ e

ol hy

Figure 5.9: Ternary normative diagram projected from plagioclase onto the plane ol-ne-hy-di-qz.
Whole-rock and volcanic glass samples are plotted as squares and stars, respectively. Only unaltered
samples are included in this plot. The 1-atmosphere cotectic is indicated (thick line with arrow
pointing towards increasing extent of crystallisation) from Walker et al. (1979), and the thinner lines
indicate the scatter of the original data published by these authors and Biggar (1983), referred to
here as the cotectic-envelope.

5.3.3) CIPW normative compositions

In Figure 5.9, the samples are plotted on a ternary normative diagram
projected from plagioclase onto the ne-ol-di-hy-qz plane. The 1-atmosphere cotectic
is indicated (Section 5.2). The thinner lines parallel to the cotectic mark the
boundaries of scatter within the original experimental data set of Walker et al. (1979)
and Biggar (1983), and is described here as the cotectic-envelope. All samples are hy-

normative (except one), which classifies them as members of the tholeiitic series. The
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majority are ol-normative, falling within the di-hy-ol field (olivine tholeiites) and
only 14% are qz-normative, lying in the di-hy-qz field (quartz tholeiites). Most of the
glass data occur within the cotectic-envelope, but the whole-rock compositions show

a large degree of scatter.

5.4) Compositional variation amongst petrological types
5.4.1) Petrological types and whole-rock samples

There are two main reasons for examining the compositional variation in
terms of the petrographic character of the sample. Firstly, the whole-rock analysis
provides a composition for the liquid magma plus any phenocrysts present at the time
of eruption. If phenocrysts have been added to the magma, they may displace its
composition from the true liquid line-of-descent. Field observations and petrographic
evidence (Chapter 4) suggests that such addition may have occurred in the form of
cognate (or accidental) xenocrysts and the chemical effects of this need to be
established. Secondly, amongst the porphyritic samples there are two distinct and
mutually exclusive suites, referred to as petrological types 2 and 3 (Table 4.3, p. 87).
Computer modelling (Section 4.5.4) in conjunction with the exclusive nature of the
two petrological types implies that they are not the product of a single evolutionary
path. If this is the case, it may be reflected in the composition. In this following
section, a concise summary is provided of key observations made from Figures 5.10-
5.12 for each petrological type of basalt in the form of whole-rock samples.

Most of the petrological-type la samples are aphyric with groundmass
olivine. They have a fairly uniform composition for both the major oxides and trace
clements and they form a cluster, as seen in Figure 5.10c & 5.11a. However, some
more fractionated examples also exist (Ni <50 ppm). The chondrite-normalised multi-
trace clement diagrams in Figure 5.12a show that the samples have persistent negative
Sr anomalies. This figure also illustrates that the samples have variable degrees of

enrichment, relative to chondrite, in the more incompatible elements, and the degree
of LREE enrichment, expressed as [La/Yb]y,, which varies between 1.6 and 4.8. The

petrological-type 1b samples are aphyric without abundant groundmass olivine.
They are generally highly fractionated as a group (Ni <80 ppm) and include the most
fractionated samples of the suite (Ni 10-20 ppm) (Figures 5.10 & 5.11b). They
overlap in element abundances with the more fractionated samples of petrological-

type 1a.
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Figure 5.10: Variation diagrams for selected oxides (wt. %) and trace elements (ppm) plotted against
Ni (ppm) for the whole-rock samples differentiated into petrological types (Table 4.3, p. 87). A
trajectory representing 50% addition of feldspar megacryst (crystal A416F3) 1o an aphyric sample
(A247) using a mass balance equation is plotted on all of the diagrams (see text for details).
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Petrological-type 2 samples are those that have megacrystic feldspar. They
have a very large degree of scatter for most oxides and trace elements at a given
degree of differentiation (Figure 5.10). The group generally has higher Al,05, CaO
and Sr, and lower FeO* and V abundances than the other petrological types of basalt.
They have a limited range of Ni that is similar to petrological-type 1a samples (Figure
5.11). The scatter observed in the variation diagrams (Figure 5.10) for certain
elements suggests an influence of the highly calcic plagioclase megacrysts (An 80-90
mol %) on the whole-rock compositions of the samples. To test this further, the effect
of progressive addition of feldspar megacrysts to an aphyric basalt (petrological type
la) was modelled using a mass-balance equation (Table 5.1). The major element
oxides in the feldspar composition are from a feldspar crystal analysed in this work
(Appendix 2A, p. 269), and the trace element abundances are from published calcic
feldspar compositions (Philpotts & Schnetzler, 1970).

a) " 1=a b) 120 J_Q__
>, —_ N 1

c) § w d) =
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o == -
L w w

[}
0o 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Ni ppm

Figure 5.11: Bar chart diagrams illustrating the distribution of Ni amongst the various petrological
types (defined in Table 4.3, p . 87).

The equation adds the composition of a calcic plagioclase (An 86) to the
composition of the aphyric sample in increments of 5% by weight. As the aphyric
sample is progressively contaminated with calcic feldspar, the bulk composition
changes. These effects are indicated in Figure 5.10 by the trajectories of element

abundances for up to 50% feldspar addition. The petrological type 2 samples closely
follow these modelled trajectories for certain elements (e.g. Al,O3, CaO, FeO* and
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V), and provides an explanation for some of the scatter in Figure 5.10. Samples with
approximately 40% modal feldspar megacrysts occur at the 40% marker on the
trajectory in Figure 5.10. The modelling indicates that the amount of megacrysts must
exceed 5% by weight to have a significant effect on most elements.

Whole-rock Feldspar megacryst
sample A247 (A416F3) from sample
A416
Sic2 48.56 4827
AI203 13.29 32.87
Fe203 13.59 0.48
Mgo 576 0.62
Ca0 12.00 17.27
Na20 2.1 1.50
K20 0.2 0.00
Tio2 2.16 0.00
MnO 022 0.05
P205 0.25 Y
Mg# 471
Nb 18
Zr 129
Y 313
Sr 188 @89
n 107
Ni 77
v 394
Cr 186
Ga 19
Sc 41
Co 81
fo 25 (1.84)
Ba 64 23
Ls 1.2
Ce 271 (3.52)
Pr 37
Nd 178 (204
Sm 46 (0.467)
Eu 16 (0.401)
Gd 5.6 (0.627)
Dy 6.1 (0.573)
Ho 1.1
Er 33 (0.42)
™ a1 (0.489)
Ly 0.5 __(0.085)
Mass balance equation used:[((1-n)*CiWR)+(n*CiFM)]
where: n=percentage of feldspar megacryst added
CiWR=concentration of element (wt. % or ppm) in whole-rock
CiFM=concentration of element (wt. % or ppm) in feldspar megacryst

Table §.1: Compositions used in the modelling of feldspar megacryst addition. The whole-rock
composition is from sample is A247 (Appendix 4, p. 315) and the major element oxide data for the
feldspar megacryst is from sample A416 (Appendix 2A, p. 269 - A416F3). The trace element data for
the feldspar megacryst are from published analyses of feldspar with a similar major element
composition to that of the crystals in sample A416 (Philpotts & Schnetzler, 1970). These elements are
bracketed. The modelling was done using a mass-balance equation defined in this table.
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In chondrite-normalised multi-element diagrams, petrological type 2 samples
might be expected to show positive Sr and Eu anomalies, because these elements
partition into plagioclase. In Figure 5.12b, such subtle positive anomalies are
observed for Eu in most of the samples, but they are not always accompanied by
positive Sr anomalies. Sr is the only element for which the modelled trajectory does
not match the composition of the petrological type 2 samples in Figure S.10.
However, the abundance of this element in plagioclase was estimated from published
data, which may have been lower than the actual amount of Sr present in crystal
A416F3. Nevertheless, the Sr anomalies observed for the petrological type 2 samples
in Figure 5.12b will be dependant on the original form of the Sr anomaly of the
starting magma composition (i.e. positive or negative), as well as the percentage of
feldspar megacryst added to the magma prior to eruption. Figure 5.12b also illustrates
that there are variable degrees of enrichment in the incompatible element ratios,
relative to chondrite, for this petrological type of basalt; [La/Yb], ranges between

0.92 and 4.48.

Overall, petrological type 2 basalt has a very large degree of compositional
variation, both in the abundance of major element oxides, trace elements and the
degree of enrichment in the incompatible element ratios, relative to chondrite. The
modelling and geochemical observations suggest that most of the petrological type 2
samples represent essentially aphyric magmas that have had variable amounts of
feldspar megacrysts added to them; a conclusion that is supported by petrographic and
field evidence (Chapter 4).

Petrological-type 3 samples, which lack feldspar megacrysts and intratelluric
clinopyroxene phenocrysts, display the largest range in the degree of differentiation
(Ni 50-381 ppm) and are more evenly distributed within this range than the other
petrological groups (Figures 5.10 & 5.11). In Figure 5.10, the majority of the samples
have Ni>100 ppm and show considerable scatter for all elements at a given degree of
differentiation. This is emphasised by the larger number of samples in Figure 5.10c,
for example. The group shows an increase in the abundance of CaO with decreasing
Ni, until Ni falls below 100 ppm. This complies with the absence of clinopyroxene as
an observed phenocryst phase in these basalts (Section 4.3). In the chondrite-
normalised multi-element diagrams (Figure 5.12c) this petrological type of basalt has
variable anomalies in Sr. There is a large range in the degree of enrichment in the
incompatible element ratios, relative to chondrite; variation in ([La/Yb],) is between

0.8 and 3.25.
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Figure 5.12: Chondrite-normalised multi-trace element diagrams for samples differentiated
according to petrological type (Table 4.3, p. 87). [Some altered samples included].

Petrological type 3 basalt also has a large degree of compositional variation,
proportional to that of petrological type 2 basalts, yet this group does not contain
phenocrysts that are exceptionally abundant or consistently out of equilibrium with
their host by such significant amounts as the megacrysts of petrological type 2 basalt



Geochemistry

(Section 4.5). The compositional diversity of petrological type 3 whole-rock samples
cannot, therefore, be accounted for by phenocryst accumulation alone and another
reason is required to explain the compositional scatter amongst these samples.

5.4.2) Petrological types and volcanic glass samples

The volcanic glass analyses provide an opportunity to examine the
composition of the magma without the interference of phenocrysts, and may provide
insight into the origin and/or subsequent differentiation history of the magmas
constituting the two porphyritic petrological types, 2 and 3. In Figure 5.13, the glass
samples are differentiated according to the petrological types, and plotted for selected
major element oxides against Mg #. As in the whole-rock compositions, most of the
petrological type 1a and 2 samples fall within a narrow range of differentiation (Mg #
40-55), type 1b samples are generally more fractionated (Mg # <45) and type 3

samples have the largest range in Mg # (42-67). Within the cluster of samples
between Mg # 40 and 55, petrological types 2 and 3 are separate for SiO,, Al,O3 and

FeO* (Figure 5.13a, b & c) and also MgO, Na,O, K,0 and TiO, (not shown), at a
given Mg #. In this respect, within this cluster, they can be said to follow separate
liquid lines-of-descent. The petrological type 1 samples overlap with both
petrological types 2 and 3. The division amongst samples from different petrological
types is not, however, observed for CaO (Figure 5.134d).

The overall trend for SiO, displayed by petrological type 3 samples is not

easily explained by crystal fractionation processes within a group of cogenetic
samples, and this suggests that samples of petrological type 3 basalt are not all related
to each other by fractional crystallisation. Similarly, a sample of petrological type 1b
basalt at Mg # 42 is on the liquid line-of-descent of petrological type 2 basalts for
SiO, and Al,Og3, but this sample is in line with the petrological type 3 samples for
FeO*. This suggests variable ratios between the major elements within these glass
samples of the various petrological types. In summary, the volcanic glass data suggest
that the composition of the liquids that form the porphyritic petrological types (2 & 3)
are distinct at a given degree of differentiation and that they are not related to each
other by fractional crystallisation. There are also indications that the samples of
petrological type 3 are not cogenetic which is supported by the scatter of these
samples in Figure 5.10. This implies that they require the presence of multiple

parental melts.
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Figure 5.13: Selected major element oxides (wt. %) for the volcanic glass samples plotted against
Mg #. The samples are differentiated according to the petrological type of basalt (Table 4.3, p. 87).
Dashed lines indicate possible parallel liquid lines-of-descent. Key is the same as Figure 5.10.

5.4.3) Petrological types and their CIPW normative compositions

In Figure 5.14, the whole-rock and volcanic glass normative compositions are
differentiated according to the petrological type of the samples. The whole-rock
samples of petrological type 1a fall just below the cotectic-envelope (Figure 5.14a),
whereas the limited number of glass compositions for this petrological type fall
within the envelope (Figure 5.14b). The petrological type 1b samples are dominantly
gz-normative in composition and lie on the 1-atmosphere cotectic for both the whole-
rock and glass samples (Figure 5.14a & b). The petrological type 2 whole-rock
samples mostly lie above the cotectic-envelope in the clinopyroxene phase field,
displaced towards the di apex, and with only a few samples within the envelope or
below it (Figure 5.14a). However, the volcanic glass analyses for this petrological
type of basalt fall well within the cotectic-envelope and are indistinguishable from the
petrological type 1a and some of 1b samples (Figure 5.14b). The petrological type 3
whole-rock samples show the most variation in normative composition (Figure 5.14d)
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and are relatively close to the ol apex. In the case of the sample closest to this apex
(sample A34) there is petrographic support for olivine accumulation. The more
fractionated samples lie on or just below the 1-atmosphere cotectic. The glass samples
of petrological type 3 have a relatively narrow compositional range and mostly fall
within the cotectic-envelope.
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Figure 5.14: Ternary normative diagrams projected from plagioclase onto the plane ol-ne-hy-di-qz.
The samples are differentiated according to their petrological type (defined in Table 4.3, p. 87): a)
whole-rock samples. b) volcanic glass samples. The 1-atmosphere cotectic is indicated (thick line
with arrows) from Walker et al. (1979), and the thinner lines indicate the scatter of the original data
from these authors and Biggar (1983) (referred 1o here as the cotectic-envelope).
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The difference between the whole-rock and glass samples may reflect the
mineralogical control on the compositions of these samples. Abundant olivine in type
3 basalt displaces the composition towards the ol apex, and the feldspar megacrysts in
type 2 basalt displaces the composition towards the di apex in this particular
projection. However, the aphyric petrological type 1 samples also have different
normative compositions, depending on whether the sample is of whole-rock or glass
type. This suggests that all the whole-rock samples may contain accumulated crystals,
and indicates that they are unsuitable to illustrate the liquid trends of crystallisation in
these ternary normative diagrams. Amongst the glass samples, petrological type 3
basalt falls closer to the di-ol join than those of petrological types 1 and 2 (Figure
5.14b). This indicates that petrological types 1 and 2 could be the results of fractional
crystallisation from petrological type 3 parents at shallow levels.

5.5) Regional and stratigraphic compositional variation

5.5.1) Introduction

In the previous section (Section 5.4) it was established that the two porphyritic
suites (petrological types 2 & 3) are not directly petrogenetically related to each other
by fractional crystallisation. In the field, basalt of petrological types 1 and 2 occurs in
the ﬁséure-type eruptive units, with the petrological type 2 basalt generally restricted
to those in the vicinity of the central volcanoes, and petrological type 3 basalt forms
the lava shields (Section 4.4). This spatial distribution suggests that the two suites
may be the result of two different differentiation paths through the crust. It was also
established that o}&e:,_ samples of petrological type 3 basalt may not be petrogenetically
related to eachy (Figures 5.10, 5.12 & 5.13). To investigate this further, the
compositional variation within the stratigraphy is described for the Hveragerdi to
Ingolfsfjall region, and within and between the lava shields. These observations may
constrain the differentiation paths followed by the various petrological types of basalt
through the crust.

5.5.2) Hveragerdi Volcanic System

In this section, the compositions of the eruptive units within the Hveragerdi
Volcanic System, other than the morphologically distinct lava shield of Ingolfsfjall,
are examined. The units are dominantly composed of petrological type 1 and 2 basalt
from fissure-type eruption events, with only minor occurrences of petrological type 3
basalt in the form of buried lava shields (e.g. unit DA1) (Chapters 3 & 4). It is also
possible that there may be other examples of buried lava shields that have not been
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recognised within the volcanic pile (e.g. unit GB4) which are also of petrological type
3 basalt (Figure 4.10, p. 91). Fieldwork has provided constraints on the spatial and
temporal relationships of these units (Chapter 3; Figure 3.2, p. 43, and Maps Al &
A2), and so the compositional variation can be examined in these terms.
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Figure 5.15: Nb plotted against Ni for eruptive units that are stratigraphically well-constrained. For
the majority of the units, each data point represents an average of multiple samples. A full
stratigraphic log is provided in Figure 3.2 (p. 43).

In Figures 5.15-5.17, the incompatible element Nb is plotted with the
compatible element Ni for the whole-rock compositions of the eruptive units. These
elements are used to represent the degree of systematic variation in composition and
monitor the degree of differentiation. Magmatic processes that operate in a crustal
magma reservoir, and the shape and form of that reservoir, affect the degree of
differentiation of the magmas. It follows, therefore, that the extent of differentiation
and the overall variation in this parameter within the stratigraphy may be used to
study the processes and form of the reservoirs from which the basalts were erupted,
and how they have éhanged with time. Figures 5.16 and 5.17 illustrate the
compositional variation for Ni and Nb within several stratigraphic profiles which are
each spatially separate but overlap in time. However, most of the units in Figure 5.16
are generally older than those in Figure 5.17, which represents the Grensdalur Central
Volcano (see Section 3.3).
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Figure 5.16: Plot of Ni and Nb for samples arranged in stratigraphic order (Figure 3.2, p. 43) for the
region to the west of Reykir, as far east as Ingolfsfiall. Also indicated are the petrological type,
constrained age horizons, some stratigraphic marker horizons (arrow heads) and the occurrences of
buried lava shields (BLS) (see Chapters 3 & 4). Poorly constrained eruptive units within the
stratigraphy have been excluded.
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region to the east of Reykir, including the Grensdalur Central Volcano. Also indicated are the

petrological type, constrained age horizons, some stratigraphic marker horizons (arrow heads) and
the occurrences of buried lava shields (BLS) (see Chapters 3 & 4). Poorly constrained eruptive units

Figure 5.17: Plot of Ni and Nb for samples arranged in stratigraphic order (Figure 3.2, p. 43) for the
within the stratigraphy have been excluded.
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Most of the stratigraphic sub-groups presented in Figure 5.15 have very
uniform abundances of Ni and Nb and form tight clusters (e.g. sub-groups GA), and
some sub-groups overlap completely with others (e.g. GA and many of DB units in
Figure 5.15). The tendency for units within a group to cluster diminishes with time,
and the younger units from group S are the most compositionally varied (Figures 5.15
& 5.17). This group includes the more fractionated units in the region, but the degree
of differentiation is highly variable.

In the stratigraphic profiles of Figures 5.16 and 5.17, the periods of uniform
composition (e.g. sub-groups GA, TA and most of DB), and the periods of diverse
compositions (e.g. sub-groups TB, DA and group S) are more apparent than in Figure
5.15. Some units are noticeably different in both Ni and Nb to those directly above
and below (e.g. units DB7b and S1; Figure 5.17). These could be described as
compositional breaks, or interruptions, within the stratigraphy that consist of one or
more eruptive units that are each unique in composition. In some cases, the
composition before this break is resumed by subsequent eruptions (e.g. after unit
DB7b in Figure 5.17), but in other cases, the composition after the break marks the
start of a new sequence of units with a different uniform composition. For example,
the units TB and DA (Figure 5.17) mark a period of diverse composition, after which,
the DB units are very uniform in Ni and Nb, and different in Nb to the older TA sub-

group.

The episodes in the stratigraphy that exhibit the most compositional variation
are dominated by either petrological type 2 or 3 basalt, while periods of uniformity
are dominantly aphyric petrological type 1 basalt (e.g. TA). A pattern emerges
through the stratigraphy where the composition changes from being monotonous to a
sequence of eruptive units that are varied, and these periods are dominated by
different petrological types of basalt. The degree of, and variation in, differentiation
becomes greater in the younger units of the Hveragerdi Volcanic System, in the
vicinity of the extinct Grensdalur Central Volcano.

5.5.3) Lava shields

Each lava shield is a separate eruptive event that often occurs away from the
main locus of magmatic activity (Jakobsson et al.,, 1978). The shields are composed
of petrological type.3 basalt (Section 4.4); approximately 90% of the petrological
type 3 basalt can be assigned to them and the remaining 10% occur in units that are
too poorly-exposed to determine conclusively the type of volcanic event from which
they were extruded (e.g. unit GB4). The texture displayed by feldspar is very similar
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for these basalts and yet their compositions are extremely varied. In this section, the
compositional variation within and amongst the lava shields is described in order to
explain the compositional diversity of petrological type 3 basalt; and to constrain the
differentiation history of each lava shield. In Figure 5.18, the compositional variation
of the lava shields is displayed for selected major element oxides and trace elements.
The morphologically distinct lava shields are separated from the buried examples for
clarity. Samples from the Hengill eruptive unit are also included because this eruptive
unit has morphological and petrographical characteristics that typify the lava shields
(Sections 3.4 & 4.4.3).

The Ingolfsfjall lava shield (ILS) has high abundances of FeO* and
incompatible trace elements (e.g. Nb & Sr), and low CaO compared to the other lava
shields. There is much internal compositional variation within this shield. The Haedir
lava shield is distinct with the lowest abundances of FeO*, Nb and Sr, and higher
CaO for a given Ni. The Hismili shield is also distinct because it is consistently
more fractionated than the others (Ni <66 ppm). It is also unusual because the lavas
generally lack olivine as a phenocryst phase and have rare intratelluric clinopyroxene
phenocrysts (Section 4.4.3). It is the only occurrence of petrological type 3c basalt in
the region (Table 4.3, p. 87). Amongst the buried lava shields, the DB7b shield
overlaps with Ingolfsfjall for most major element abundances (e.g. FeO*), but less so
for the trace elements (e.g. Nb and Sr). The BB shields are each represented by a
sequence that changes from olivine-rich compound pahoehoe lavas at the base (units
BB4 and BB6) to simple flows of aphyric lavas at the top (units BBS and BB7). It is
not conclusive from the field or petrographic evidence, however, as to wether these
evolved basalts belong to the BB4 and BB6 lava shields (Section 3.3.2.2). The latter
are considerably evolved in composition (BBS, Ni <60 ppm; BB7, Ni <26). The DA1
and BA3 lava shields are similar in composition to H&dir with low abundances of

incompatible trace elements (e.g. Nb and Sr) and high CaO.

Within the Hengill Volcanic System, the main Hengill mountain is reported to
be the Hengill Central Volcano (Bjornsson & Hersir, 1981; Foulger & Toomey, 1989;
Trgnnes, 1990). It contrasts with other Icelandic central volcanoes, which are
described as repeated eruptions at one site (Semundsson, 1979), a characteristic that
is clearly evident in the extinct Grensdalur Central Volcano (Section 5.5.2). The
Hengill mountain, however, represents just one eruptive event (Arnason et al,, 1987)
built up of approximately 8 km3 of petrological type 3 basalt. The samples analysed
here are similar in composition to the large-volume shield of Ingolfsfjall (Figure
5.18). This provides further evidence to suggest that the Hengill mountain represents
a subglacial lava shield-type eruption and not the "Hengill Central Volcano".
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Figure 5.18: Selected major element oxides (wt. %) and trace elements (ppm) plotted against Ni
(ppm) for various lava shields in the region. The Hengill mountain is also included. The
morphologically distinct shields are plotted in ai)-di) and the buried lava shields are plotted in aii)-
dii) for clarity.
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Figure 5.19: Vertical profiles through the lava shields showing the systematic variation in selected
elements: a) BB4-5 shield included in profile IL (Appendix 1A, p.253); b) BB6-7 shield included in
profile IX (Appendix 1A, p.255); c) IS profile from the Ingolfsfjall lava shield (Appendix 1A, p. 256);
d) Mogil gorge profile of Hismiili; e) Purdrhnikur cliff profile from the DB7b lava shield where
there are three sub-units (Appendix 1A, p. 238); f) Heedir profile from a gorge near Illagil. The error
bars are indicated where they exceed the size of the data point.
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Collectively, the lava shields in Figure 5.18 display much variation in both the
differentiation index and other element abundances. However, each individual lava
shield has a distinctive composition with respect to abundance of any element at a
given Ni value. Amongst the nine shields presented here (including the Hengill
eruption), however, there are some that overlap completely in Ni and other elements
(e.g. the two BB lava shields). There appears to be a relationship between the volume
of the lava shields (where determinable) and their composition at a given Ni value
(e.g. the large-volume shield of Ingolfsfjall has high FeO*, and the smaller-volume
shield, Hedir, has lower FeO*). Such a relationship for other element pairs has been
reported between Postglacial lava shields from the Reykjanes Peninsula (Jakobsson et
al., 1978).

Each lava shield has some degree of compositional scatter, as observed in
Figure 5.18, which suggests considerable intrashield variation. Many of the shields
have been sampled from vertical lava profiles (Appendix 1A), and the nature of the
compositional variation within these profiles provides insight into the variation with
respect to time. Following the same logic as in Section 5.5.2, such variation may shed
light on the type of magmatic reservoir and the processes operating there. In Figure
5.19a-f, the samples from each shield are examined in their position within the
vertical profile of the sampled stratigraphic sections for FeO*, TiO,, Ni and Nb.
Some vertical profiles are uniform with variation that is within analytical error (20)
(e.g. BB6 compound lavas, Figures 17b). Others show oscillations with compositional
breaks (i.e. Hismili, DB7b, Hadir; Figure 5.19d, ¢ & f). The trend across these
breaks is, in some cases, towards more primitive compositions, and lower
incompatible element abundances (i.c. Hismuli and DB7b; Figure 5.19d & e).
However, in others, the composition after the break is the same as it was before the
break (i.e. Hedir; Figure 5.19f).

The compositional breaks in some profiles in Figure 5.19 can be explained by
the petrographic character of the sample. In the compound lava succession of BB6
(Figure 5.19b) sample A34 has elevated Ni, but not FeO*, TiO, and Nb, relative to
lavas directly above and below, and in handspecimen there are significantly more
olivine crystals (i.e. crystal accumulation). Similarly, within the Ingolfsfjall profile
(Figure 5.19¢) FeO* and TiO, are lower for sample A21 than the flow units sampled
above and below, while Nb and Ni are essentially the same. This sample has
noticeably fewer groundmass opaque minerals in thin section relative to the rest of the
profile. Within the Hadir lava shield (Figure 5.19b) there is a thick flow unit (no 5).
that is compositionally different from the overlying and underlying flow units with
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respect to all elements. This represents a batch of magma supplied to the eruption that
is different. This break, and those in Hismili and DB7b, mplies a more open style of

magmatic system.

A test was carried out to see if the composition of the lavas within one shield
could be produced by closed-system fractional crystallisation using the same
computer program (TRACE3.FOR; Nielsen, 1988) with the same parameters as those
in Section 4.5.4. Fractional crystallisation of sample A474 from the DB7b lava shield
(also used in Section 4.5.4; Figure 5.19¢, sub-unit 3) was modelled in an attempt to
produce the composition of the overlying lavas. In Figure 5.20, the results of this
modelling are displayed as a trajectory for 0-40% fractional crystallisation for FeO*,
Nb and the [La/Yb], ratio against Ni. The other samples from the DB7b lava shield
are also plotted and labelled according to the three sub-units observed in the field
(Section 3.3.2.4; Figure 3.10. p. 60). The dotted-lines join successive samples from
within the profile.

It can be seen from Figure 5.20 that the 0-40% fractional crystallisation
trajectory does not coincide with the samples positioned above sample A474 in the
vertical profile, and this indicates that the compositions of the overlying lavas were
not produced by closed-system fractional -crystallisation from this starting
composition (Figure 5.20a & b). Additionally, following the same logic, sample A474
cannot be the produced from the underlying lavas in this way. The modelling
illustrates that simple closed-system fractional crystallisation is not capable of
changing the [La/YDb], ratio, and yet there is considerable variation in this parameter

between the three sub-units (Figure 5.20c).

Collectively, the observations indicate that the eruptive products of the DB7b
lava shield are no{;\\%esult of closed-system magmatism. However, the mineralogy
observed within a single flow from the DB7b shield (olivine + chrome spinel
phenocrysts) can be reproduced by modelling fractional crystallisation in a closed
magmatic system (Section 4.5.4). This suggests that magma coming into the reservoir
cannot be of drastically different major element composition in terms of the degree of
differentiation. This indicates that the system is not a classic open system magma
reservoir that involves extensive mixing between magmas of diverse compositions
(after O'Hara, 1977; and others). However, modelling of fractional crystallisation
carried out on other lava shields (e.g. Ingolfsfjall) failsto reproduce the observed

feldspar compositions, giving much lower An contents (Section 4.5.5). The
differences in the incompatible trace element ratios, such as [La/Yb],, between
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successive lavas from the DB7b lava shield requires a continuous magma supply to
the reservoir that is not mixing before feeding the eruption.

a) 18,
FeO*
16 -
14 4
12 ~ o o
. 100 1000
b) 25'1 B
Y Nb
’%"i'»
20 | q?‘ X,
L
0% 5
|
e N 2
T NS
s 20% ® "
1% = JAd74
¢
10 - " i 0
10 100 1000
c) 3as
y [La/Yb]n
P Unit2
3.0 vy "
B \
\'..
|
25 1 o u
___________ ~—a Unit3
T
2.0 T o
" 100 1000
Ni ppm

Figure 5.20: Results of modelling closed-system fractional crystallisation (see text) as indicated by
the 0-40% trajectory for a) FeO* b) Nb and c) [La/Yb]n. Tick marks indicate increments of 2%
fractional crystallisation. The samples from the DB7b lava shield are also plotted on this diagram.
Successive samples in the vertical profile are joined by dotted lines and arrows indicate the lower
and upper samples in the profile. T=Top; B=Base. Units 1-3 in c) refer to those identified in the field
(Section 3.3.2.4: Figure 3.10, p. 60).

The compositional variation described above for the lava shields suggests that
the magmas are coming directly from the mantle source region and are not ponding in
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a crustal reservoir. This interpretation allows each lava shield to remain
compositionally distinct. The similarity in the petrographic character of the
petrological 'typ'é 3 basalt suggests that nearly all the lava shields sampled here share a
similar style of crystallisation process which implies a similar style of magmatic
plumbing system. Hismiili, with its fractionated basalts that lack abundant olivine, is
the only exception in the area and requires a unique and slightly different magmatic
plumbing system compared to the rest of the lava shields.

5.5.4) Summary of regional and stratigraphic compositional variation

The eruption events that constitute the Hveragerdi Volcanic System are
compositionally varied. Within the spectrum of compositions, temporally and
spatially related units tend to have very uniform compositions. However, the degree
of uniformity decreases amongst the younger eruptive units of the Grensdalur Central
Volcano, which are each quite unique and some are more fractionated. The lava
shields are generally less fractionated, but each is unique in composition at a given
degree of differentiation. Modelling and examples of vertical profiles through the
shields suggests that they essentially lack a crustal reservoir, with magma coming
straight to the surface. It is likely that the main Hengill eruptive unit represents a

subglacial lava shield-type of eruption, and not a central volcano.
5.5.5) Constraints for the magmatic plumbing system

Following the logic of previous studies, a uniform magma composition
suggests a well-mixed magma reservoir (e.g. Natland et al, 1983) and the periods of
diverse compositions indicate poor, or no mixing (e.g. Langmuir et al, 1977).
Compositions of a more-fractionated nature without abundant olivine crystals require
a reservoir in which the olivine crystals could have been removed by settling, while
the less-fractionated varieties with abundant olivine do not require a reservoir. From
the compositional and petrographic variation observed in this suite of samples, the
following model begins to develop, and is illustrated in Figure 5.21: a) Periods of
activity producing uniform petrological type 1 and poorly-phyric petrological type 2
basalt could indicate the existence of a well-mixed reservoir; b) diverse periods of
more fractionated basalt, where activity alternates between petrological types 1 and
variably-phyric petrological type 2 basalt, may indicate a poorly-mixed reservoir, and
one that may have developed pockets of melt isolated by crystal mush (i.e. the
megacrysts and associated pyroxene and olivine crystals; Chapter 4); c)
compositionally unique eruptions of more primitive petrological type 3 basalt, that
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Figure 5.21: Three models for the magmatic plumbing system for the Hengill region, based on
geochemical and petrographic constraints.
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usually erupt to form lava shields (90%) with abundant olivine, represents a magma
that has not passed through a shallow crustal reservoir, and has risen straight to the
surface from the base of the crust. The nature of the magmatic plumbing system
cannot, however, explain the causes of the differences in the compositions of the

petrological type 3 basalts at a given degree of differentiation.

Hismiili is the only exception to the other lava shields in the area. Following
the same logic employed in the construction of the models in Figure 5.21, this lava
shield requires a magma reservoir in which to fractionate and to deposit its olivine
content. However, within the lava profile sampled here, the shield displays
compositional breaks which require the input of new melt to the eruption. These melts
have more dilute concentrations of incompatible elements relative to those below in
the profile (e.g. Nb; Figure 5.19), but are equally fractionated (Figure 5.18). The
plumbing system beneath Hismiili still has to be capable of maintaining the process
that produces the radiating habit of the feldspar, common to petrological type 3 basalt
(Section 4.3), and it has been suggested here that this process in crystallisation in a
deep-seated dyke (Section 4.5.3). This also suggests that Hismili has a plumbing

system similar to that in Figure 5.21c.

5.6) Petrogenetic constraints on mantle melting processes

5.6.1) Observations

The geochemical data presented in Sections 5.3 to 5.5 were used to investigate
how crustal differentiation processes, such as alteration, fractional crystallisation and
open- and closed-system magmatism, have affected the basalts from the study region.
It has been established that the two mutually exclusive, compositionally varied,
porphyritic basalts and the aphyric basalts are the result of different routes through the
magmatic plumbing system beneath the region (Section 5.5.5; Figure 5.21). In this
section, emphasis is now placed on the petrogenesis of the basalts before they start
their separate routes. Attention is drawn to lines of evidence that may be used to
investigate mantle melting processes, and how such processes contribute to the
composition of these basalts. Incompatible element ratios are unaffected by crustal
differentiation processes for basaltic magmas (Sections 5.2 & 5.5; Figure 5.20)
(Treuil & Joron, 1975) and such ratios will therefore be used to investigate the origin
of the eruptive units in terms of melting dynamics and differences in the composition

of the mantle source region.
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In Figure 5.22, the chondrite-normalised REE patterns are presented for
samples from the Hveragerdi Volcanic System, the lava shields, and a sample from
the main Hengill eruption. In Figure 5.22a, the samples represent different
stratigraphic groups and sub-groups (excluding any samples from lava shields), and in
Figure 5.22b and c, the lava shields are plotted. The degree of LREE enrichment,
relative to chondrite, expressed as [La/Yb],, and other information about these
samples is summarised in Table 5.2. In Figure 5.22a, most of the samples have very
similar REE profiles and are LREE-enriched, relative to chondrite, but there are also
less-enriched basalts with flat and slightly dipped, LREE-depleted patterns. Two
samples from the GA sub-group, an example of a compositionally uniform group of
eruptive units (Section 5.5.2), have REE patterns that are indistinguishable from each
other. The S group, an example of a compositionally diverse episode in the
stratigraphy, has REE patterns that are LREE-enriched (units S5, S15) to slightly
LREE-depleted (unit S1). The other LREE-depleted sample is from unit GB4. Figure
5.22b & c shows that there is also variation in the degree of LREE enrichment for the
lava shields but, as in Figure 5.22a, most of them are LREE-enriched, with a few
LREE-depleted samples, relative to chondrite (e.g. the small volume Hadir lava
shield).

These observations indicate that there is no correlation between the degree of
enrichment in the LREE and the regional distribution in the field. The only
consistency in the REE signature is for the GA basalts (Figure 5.22a) from a sequence
of eruptive units from a single region that also have similar abundances of other
elements. This complies with the suggestion made above that this sub-group was
erupted from a well-mixed magma reservoir (Section 5.5.5; Figure 5.21a).

Amongst the compositional variation displayed by the lava shields, there is a
clear relationship between the volume of the lava shield and the abundances of FeO*
and CaO, as exemplified by the morphologically distinct lava shields of Ingolfsfjall
and Hadir (Section 5.5.3; Figure 5.18). In Figure 5.23, the relationship between the
abundances of FeO* and the degree of LREE enrichment ([La/Yb]g), relative to

chondrite, is presented. There is a clear correlation between the abundance of FeO*,
and the [La/Yb], ratio, with FeO* increasing with increasing degree of LREE

enrichment. These findings are in agreement with those of Elliot et al. (1991). The
high-FeO* lava shields include the larger volume Ingolfsfjall shield, while the low-
FeO* lava shields include the smaller volume Hadir lava shield. There is, however,

some scatter, and samples that fall away from the trend are either the more-
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indicated accordingly. Two samples from the GA sub-group, units GB4, ILS and S1 are indicated,
and are discussed in the text. The three samples from the DB7b lava shield are encircled by the dot-
dash line. On this figure, the trajectories for 40% closed-system fractional crystallisation and 50%
feldspar megacryst addition are indicated.

fractionated samples (Ni <90 ppm) (e.g. the GA units) or have significant megacrysts
(>5% by weight). These samples can be back-projected onto the main trend along
their relevant trajectories. The three samples from the DB7b lava shields are
encircled; their relative positions in this diagram emphasise the large degree of
variation in the degree of LREE enrichment within a single shield (Section 5.5.3),
thus providing further evidence which suggests that this lava shield was not produced
by closed-system magmatism (Section 5.5.5).

In summary, the REE signatures (i.e. enriched or depleted, relative to
chondrite) are not consistent with the petrological type of basalt (Section 5.4.1) or the
type of volcanic eruption event from which the magma was erupted (i.e. lava shield
or fissure). Samples from the lava shields show distinct abundances of FeO* at a .
given degree of enrichment, as do the other samples from the Hveragerdi Volcanic
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System once the effects of fractional crystallisation and megacryst addition have been

allowed for.

{|_Hveragerdi Volcanic System
Groups Sample - units | Petrological | REE-group [La/Yb},
type
GA AS522 - GAS la 3 1.61
AS529 - GAl1 la 3 1.59
GB AS550 - GB4 3a 4 0.77
TA A247 - TA4 la 2 2.43
D Al42 -DB7a 2b 2 2.73
A478 - DB8b la 2 2.14
S A416-S1 2a 4 0.92
A413 - S5 2b 1 4.48
A346 - S15 2b 1 4.02
Lava shields
Shield name Sample REE-group [La/Yb],
BB4-BB5 AS546 [BBS] 3 1.83
BB6-BB7 A36 [BB7] 2 2.56
Ingolfsfjall AS554 2 2.64
DAl A357 2 2.10
DB7b Ad474 2 2.38
A479 2 2.92
A480 2 3.10
Hebir AS512 3 195
Hismuli A499 2 2.95
Hengill eruption A374 2 3.05

Table 5.2: The degree of LREE enrichment, expressed as [La/Yb]n, for various eruptive events within
the Hveragerdi Volcanic System and the Lava shields. The sample numbers, eruptive unit names,
petrological types (Section 4.3, p. 87), and REE-groups (Section 5.3, Figure 5.7) are also indicated.
All the lava shields are of petrological type 3 basalt (except units BBS & BB7, which belong to

petrological type 1a).
5.6.2) Petrogenetic Modelling

5.6.2.1) Introduction

The observations made in this chapter and Chapter 4 have gradually focussed
attention on some specific problems. These include; 1) the origin of the calcic
plagioclase megacrysts prior to their accumulation in the crustal reservoir as cognate
xenocrysts; 2) the diversity of compositions displayed by petrological type 3 basalts
in the absence of crystal accumulation; 3) the causes of the variability in the REE
patterns that do not correlate with field and petrographic observations, but have a
strong correlation with abundances of certain major element oxides (e.g. FeO*). In
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this section, modelling will be employed to investigate these relationships and
problems, in an attempt to further constrain the developing petrogenetic model
(Section 5.5.5; Figure 5.21). These problems are addressed by modelling fractional
crystallisation of primary melts produced under variable melting conditions, and by
modelling the generation of primary melts themselves from variable starting
compositions within the source region. The results of the modelling are compared to
the observed compositional variation discussed above in Sections 4.5.3, and 5.3 to
5.5.

Melt generation studies involve a dynamic melting column (Langmuir et al.,
1977) in which the mantle rises adiabatically and undergoes decompression melting,
with a number of variable melting processes in operation simultaneously (McKenzie
& Bickle, 1988; Elliot et al, 1991; Kostopoulos & James, 1992). This is
schematically represented in Figure 5.24. In this model, the upwelling mantle begins
to melt when it intersects its solidus, which is dependant on the potential temperature
of the mantle (McKenzie, 1984). The mantle column continues to undergo polybaric
melting (Falloon & Green, 1988) for the rest of its ascent while instantaneous melts
are extracted and segregated at all levels and accumulated. It is envisaged that a
steady-state system must exist, in which unmelted, "fertile” mantle enters the bottom
of the column and melted, depleted mantle leaves the top of the column (Klein ef al.,
1991). The structure of the melting column dictates that the degree of melting should
not be consistent in all parts of the column and that there should therefore be a variety
of instantaneous melt compositions produced simultaneously. The centre of the
column will produce a point-depth average composition representing the accumulated
mixture of all the instantaneous melts (McKenzie & Bickle, 1988). Most recent
studies, however, provide evidence for the segregation and extraction of instantaneous
melts from the melting column (Elliot et al., 1991).

The composition of a basalt produced by partial melting is primarily governed
by the interplay between five variables: 1) the type of melting process (i.e.
accumulated or instantaneous); 2) the initial depth of melting (i.e. variable pressure);
3) the degree of partial melting (% PM); 4) the mantle P-T conditions; 5) the initial
composition of the mantle source region. The mantle that constitutes the Icelandic
plume is thought to be compositionally enriched in incompatible trace elements
relative to N-MORB (e.g. Schilling, 1973; Hart et al., 1973; Wood et al., 1979;
Meyer et al,, 1985) and is thought to have higher mantle potential temperature
(PT°C) (McKenzie, 1984).
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icelandic
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Figure 5.24: Schematic represeniation of a dynamic melting column (after Elliot et al, 1991).
Meliing and melt segregation occur along the mantle flow-lines (shown as solid lines), but are
illustrated only at specific points (shown as boxes), with arrows indicating the direction of focused
segregation of the instantaneous melts. The degree of depletion  within the melting column
increases from the base upwards.

5.6.2.2) Major element oxide modelling

Introduction

The effects of four of the variables (i.e. processes, depth, % PM and PT°C)
that effect melt composition are investigated here in three models, schematically
illustrated in Figure 5.25. These models use major element oxides from published
primary melt compositions that have been derived in different ways (McKenzie &
Bickle, 1988; Nui & Batiza, 1991). Models 1 and 2 use melts from Nui & Batiza
(1991). These authors have calculated primary melt compositions produced from a
depleted MORB mantle (DMM) source that undergoes partial melting from various
initial depths. During melting, each increment of melt produced is accumulated and
pooled. Melts produced from the deepest levels (i.e. tallest melting column)
represents the largest degree of partial melting, whereas melt from shallower (i.e.
shorter columns) represent lower degrees of partial melting. Model 1 consists of four
melts that represent four columns of variable height. The melts represent variable
depth and variable % PM. The four melts in model 2 also represent melts derived
from variable starting depths, but the accumulation is stopped after 16% partial
melting, so that these melts also represent variable initial depth, but constant % PM.
Model 3 uses melts derived from a DMM source that has already undergone 23-24%
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Figure 5.25: Schematic illustration of three models of mantle melting. Briefly the models are as

Jollows: 1) accumulated melts derived from DMM mantle at variable depths producing variable %
PM; 2) accumulated melts derived from DMM by constant degree of partial melting (16%) at

variable pressures; 3) instantaneous melts derived from DMM mantle (variable mantle PT°C) that
has already had 23-24% partial melt extracted from it. Models 1 and 2 use melt compositions from

Nui & Batiza (1991), and model 3 uses melts derived from the parameterisation of McKenzie & -
Bickle (1988). In each model, the stippled area indicates the portion of the melting column that
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melting, using the parameterisation of McKenzie & Bickle (1988). An instantaneous
melt is extracted from this considerably depleted mantle and erupted at the surface.
This has been done for three different mantle PT°C (melts 1-3). All eleven melt
compositions are tabulated in Appendix 6.

The effects of the type of melting process (i.e. accumulated or instantaneous)
on the composition of the melts are revealed by comparing models 1 and 2 with 3; the
effects of variable initial depth of melting are revealed by comparing models 1 and 2;
the effects of the degree of partial melting is tested within model 1; and the effects of
variable mantle PT°C is investigated within model 3. The basalts in the study area are
fractionated by variable amounts, and so the compositions of all the melts in models
1-3 were input to TRACE3.FOR computer program that models crystallisation
processes (Nielsen, 1988). The program was set to the same parameters as in Section
4.5.4 for simple closed-system fractional crystallisation. The results in the form of
major element oxides and mineral compositions are compared to the observed
compositions of feldspar and volcanic glass from the basalts from the Hengill to

Ingolfsfjall region.

Modelled feldspar compositions

In Figure 5.26, the An content of the calculated feldspar, for each model, is
plotted against the Mg # of the melt with which they are in equilibrium (Nielsen,
1988). The first increment of fractional crystallisation at which feldspar joins the
crystallising assemblage is indicated with a symbol, as is every tenth increment up to
70% thereafter. The increments are joined by dashed lines which are back-projected
to the Mg # of the initial primary melt. The observed feldspar compositions from the
study arca are also plotted. They are differentiated into megacryst cores from
petrological type 2 samples, tabular feldspar crystals from petrological type 3 basaits,
and quench crystals from all basalt types.

The melts within model 1 produce the largest variation in feldspar
compositions, whereas for models 2 and 3, the melts within each produce feldspar of
a much more uniform composition. Within model 1, melt that represents the largest
degree of melting from the greatest depths produces the most anorthitic feldspar (An
79), but these are slightly less anorthitic than the compositions of the least anorthitic
feldspar megacryst cores (An >80) (Figure 5.26a). Model 2 melts produce low
anorthitic plagioclase (An 75) that overlaps with some of the observed quench
feldspar compositions at extreme degrees of fractional crystallisation (An 60) (Figure
5.26b). Such melts do not appear to have been extensively involved in the generation
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Figure 5.26: Results of modelling 70% fractional crystallisation from different initial primary melts
from three different models (Figure 5.25, ). The modelled An content of the feldspar and the Mg #
of the liquids are plotted in the form of trajectories. Each trajectory represents the path followed by
70% fractional crystallisation, and the symbols on each indicate every tenth increment, up to 70%.
The dashed lines are extended back o the starting Mg # of the primary melt. The analysed feldspar
compositions are also plotted on these diagrams, and are differentiated into megacrysts cores from
petrological type 2, wabular feldspars from petrological type 3 and quench feldspars from all basalt
npes.

152



Geochemistry

of these basalts, according to the compositions of the feldspar phenocrysts. Model 3
produces feldspars that are extremely anorthitic in composition (An >80), and ones
that overlap completely with the field defined by the feldspar megacryst cores
analysed here. Lower mantle PT°C produce slightly higher An content in the
feldspars, which is in agréement with the occurrence of more anorthitic megacrysts in
normal segments of MOR (Table 4.1, p. 77) (e.g. Donaldson & Brown, 1977).

The observations from model 1 indicate that variably sized melting columns,
where the melt is accumulated, are capable of producing varied feldspar
compositions. Observations from model 2 indicates that the controlling parameter in
model 1 is the percentage of partial melting and not the initial depth of melting.
However, neither of models 1 and 2, using such accumulated melts, can produce the
observed megacryst compositions. Only instantaneous melts from a very depleted
mantle, as in model 3, are capable of producing An >80 and the observed megacryst
compositions upon subsequent fractional crystallisation. However, the melts from
such a depleted mantle source are incapable of precipitating feldspar with An <78 in a

closed magmatic system.

The tabular feldspar from petrological type 3 basalt is variable in composition
between samples, and there is also considerable variation within an individual sample,
such as Hismuli (Mg # 45 and An content between 72 and 85). The modelling in
Section 4.5.4 illustrates that many of the tabular crystals in petrological type 3 basalt
are out of equilibrium with their host, but by lesser and more varied amounts than the
megacrysts. Hismili and other petrological type 3 samples require a history of
crystallisation in which they are repeatedly exposed to liquids of diverse
compositions, in terms of their potential An content; they must also have exposure to
liquids that are capable of producing compositions of An 85. This may be achieved if
instantaneous melts from a highly depleted DMM source and accumulated melts from
"fertile" DMM (as depicted by the melt 1 in model 1 and the melts in model 3) are
poorly mixed within a single lava shield. This is supported by the variation in the
[La/Yb], in a single lava shield (Section 5.6.1; Figures 5.22 & 5.23) as well as the

observations from the modelling of phenocryst equilibrium (Section 4.5.4).

Modelling liquid compositions

In Figure 5.27, FeO* and Mg # are plotted for the residual fractionated liquids
from models 1 to 3. The symbols on each trajectory indicate increments of 10%
fractional crystallisation, as in Figure 5.26. Ten basalt glass compositions from
petrological type 3 units are also plotted on this figure and they are from units GB4
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Figure §.27: Results of modelling 70% fractional crystallisation from different initial primary melts
(models 1 to 3; Figure 5.25). The FeO* and Mg # of the calculated liquids are plotted in the form of
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and GBI, and the lava shields of Ingolfsfjall and BA3. Model 1 indicates that deeper
melting to larger extents produces more iron-rich melts, relative to shallower, smaller
degree melts. This signature in the FeO* abundances remains in the liquid through
closed-system fractional crystallisation. Model 2 implies that it is depth that controls
the observed relationship in model 1 because the relationship observed in model 1
persists in model 2. For model 3, the mantle PT°C has only a subtle effect on the
abundance of FeO* in the compositions of the primary melts. However, this
relationship becomes enhanced in the liquids with increased differentiation.

In model 1, the glass samples with high Mg # (i.e unit GB4 samples) lie on the
shallower and smaller degree melt trend (10 kbar, 16% PM), whereas the lower Mg #
glasses (i.e. Ingolfsfjall) lie on the deeper and larger-degree melt trend (16 kbars,
26% PM). Samples with intermediate Mg # and FeO* contents occur between the two
aforementioned trajectories (i.e. units GB1, BA3) indicating the continuity of melt
compositions represented by the glass samples. In model 2, the relationship between
these trends and the glass samples is essentially the same, but lesser degrees of partial
melting at 16 kbars raises the FeO* content of the melt slightly relative to model 1, so
that the low Mg #, high-FeO* glasses of Ingolfsfjall could be produced at slightly
shallower depths by smaller % PM than in model 1. In model 3, the high Mg #, low-
FeO* glasses of unit GB4 lie on the calculated 1380°C trend, whereas the other units

lie above these instantaneous melt trends.

Conclusion from modelling major element oxide compositions

This modelling indicates that, to produce highly calcic feldspar compositions
(An >80) the liquids have to be either the product of very large degrees of partial
melting (>28%), or the source region has to be very depleted and melt
instantaneously. Variations in the depth of melting alone cannot affect the overall
composition of the feldspars. The more compositionally varied tabular feldspars are
probably the result of poor mixing of liquids produced by variable melting processes.

For the major element compositions of the residual liquids, the modelling
suggests that all the samples with lower FeO*, at a given degree of differentiation, are
the products of accumulated melts from shorter, shallower melting columns, and/or
relatively small % PM from a "fertile" DMM source; the higher FeO* melts are from
accumulated melts of a taller, deeper melting column, and/or by larger % PM from a
"fertile" DMM source. This is in accordance with finding from experimental studies
(e.g- Falloon & Green, 1988) and other geochemical investigations (Elliot et al,
1991). The modelling also indicates that the low FeO* melts can be produced from
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instantaneous melting of a depleted source at the top of the melting column (Figure
5.25c). This will be caused by the lower pressures, coupled with the effect from
depletion of FeO* in the source region from previous melting episodes.

5.6.2.3) Trace element modelling

The melt compositions modelled above do not contain trace element
abundances. In this section, trace element compositions of variable mantle source
regions are used from Kostopoulos & James (1992). These authors provide
abundances of incompatible trace elements for Bulk Silicate Earth (BSE) and DMM
sources, and parameterisation to produce melt compositions from adiabatic
decompression melting at variable mantle solidus T°C. Each successive increment
was pooled in the melting column (i.e. accumulated melts). To represent the hotter,
compositionally-enriched Iceland plume, a mantle with a composition of BSE and a
solidus temperature of 1400°C was investigated. The mantle of the normal MOR
systems is represented by a DMM source at 1300°C. These two mantle types
represent the end members of the modelling, and for comparative purposes, a DMM
source was melted at 1400°C.

In Figure 5.28, the incompatible trace element ratios Zr/Nb and Nb/Ti are
plotted for the three calculated melts in the form of trajectories. The composition of
the first increment of melt and subsequent 1% increments are indicated on these
trajectories with symbols labelled accordingly. The petrological type 3 basaltic units
from the study area and unit S1 (sample A416) of petrological type 2 basalt are also
plotted. In this figure, the modelled partial melting trajectories all run parallel to each
other. The melts from the hotter mantles (1400°C) have very similar incompatible
element ratios, while the melt from the cooler mantle (1300°C) has higher Nb/Ti
ratios for a given Zr/Nb ratio. However, when the degrees of melting along each
trajectory are examined, the DMM melts have equal Zr/Nb ratios at a given % PM,
while the BSE melts are the products of larger % PM (e.g when Zr/Nb=11). These
observations indicate that melt can be produced from source regions with different
trace element compositions and still have the same incompatible element ratios,
providing the solidus temperature is the same, but these melts will not be the products
of the same % PM.

The petrological type 3 basalts and unit S1 sample plotted in Figure 5.28
coincide with the BSE and DMM trajectories of 1400°C, which is in accordance with-
their location on the Iceland plateau where the mantle is hotter. The spread of samples
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along these trajectories indicates that they may not be the result of identical melting
conditions, and supports the major element modelling (Section 5.6.2.2). They could
either be the result of a single source composition and variable degrees of melting, or
visa versa. The modelling implies that most samples are the result of approximately
1.5-3.5% PM of BSE, or even smaller melting of DMM at 1400°C. This is
contradictory to the conclusions drawn from the major element modelling above
where most of the glass samples follow trajectories representing large % PM (Section

5.6.2.2; Figure 5.27).
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Figure 5.28: Results of modelling partial melting of BSE and DMM at variable solidus temperatures
(parameterisation from Kostopoulos & James, 1992). The incompatible trace element ratios of Nb/Ti
and Zr/Nb are used to illustrate the degree of enrichment of these trace elements in the melts. Every
1% increment of % PM is indicated and labelled accordingly. Samples of petrological type 3 basalt,
and unit S1, of petrological type 2, are plotted on this diagram. Unit GB4, discussed in the text is
labelled accordingly.
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5.6.2.4) Synthesis of modelling results

In this section, examples of eruptive units are examined in terms of
petrogenesis in light of the information derived from the modelling above. The units
considered include the Ingolfsfjall lava shield (ILS), and the eruptive units of GB4
and S1. Firstly, Ingolfsfjall is compared with unit GB4, and subsequently unit GB4 is

compared with unit S1.
Unit GB4 Ingolfsfjall lava shield
Observations Possible origins Observations Possible origins
Feldspar An 81-85 Instantaneous melting | An 71-83 1) Instantancous
from a bighly depleted melting from a highly
DMM source depleted DMM source
2) Accumulated melts
from very large % PM
(>28%)
Liquids Mg # 65 1) Accumulated melts | Mg # 50 1) Accumulated melts
FeO* 8.7 wt. % from 10 kbars, 16% FeO* 14 wt. % from 16 kbars, 26%
PM PM
2) Instantaneous 2) Accumulated melts
melting from a highly from 12 kbars, 16%
depleted DMM source PM
at 1380°C (PT°C)
Trace element High Zr/Nb (i.e. | 1)BSE6% PM Low Zr/Nb (i.e. | 1)BSE2% PM
ratios depleted liquids) 2) DMM 3% PM enriched liquids) 2) DMM 1% PM

Table 5.3: Summary of the observations for unit GB4 and the Ingolfsfjall lava shield (feldspar, liquid
and trace element ratios), and the possible causes of these, as inferred by the modelling in this
chapter.

Ingolfsfjall and unit GB4

In Table 5.3, the observed feldspar compositions, FeO* and Mg # of the
glasses and the incompatible trace element ratios for these eruptive units are
summarised. The possible mechanisms that result in the observed compositions, as
defined by the modelling above, are also listed. The composition of feldspar analysed
from within these units are similar and high in An content (intratelluric crystals have
An >81). The plagioclase crystals in the Ingolfsfjall lava shield are usually zoned
microphenocryst that are not in equilibrium with their host (Section 4.5), whereas
those in unit GB4 are quench crystals in a glass sample that are in equilibrium. The
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composition of the feldspars in these units suggests an influence of instantaneous
melts from a highly depleted source.

For the liquid compositions, the modelling suggests that the low-FeO*
signature of unit GB4 is either the result of shallow and moderate degrees of melting,
or instantaneous melting of a depleted mantle (1380 PT°C). In view of the quench
feldspar composition (Table 5.3), the unit is probably results from the latter process.
Ingolfsfjall has a high-FeO* signature that could have been produced by either
melting to just <26% from 16 kbars (Figure 5.27a), or by shallower melting by lesser
degrees (Figure 5.27b). This contradicts the origin inferred from the intratelluric
microphenocrysts of feldspars (An >81). Mixing of depleted instantaneous melts with
accumulated melt prior to ascent of the lavas is a mechanism that would be able to
produce the observed relationship in the Ingolfsfjall lava shield. If this is the case, the
signature of the depleted melts is only preserved in the feldspar compositions, and

any effect on the bulk-rock composition is diluted.

The interpretation given above for the origin of these two eruptive units is
supported by the observed relationship between FeO* and the [La/Yb], ratio in

Figure 5.23. Unit GB4 has lower FeO* abundances and a low [La/Yb]j ratio relative

to the Ingolfsfjall lava shield (Section 5.6.1). It is concluded therefore, that unit GB4
is the result of instantaneous melting of a very depleted DMM source, and that
Ingolfsfjall is the result of accumulated melting from a tall column that was probably
poorly-mixed with instantaneous melts from the top of the column just prior to
eruption; the signature of which is preserved only in the composition of the feldspars.

The observations in Figure 5.28 suggest that both these units are the result of
melting from a mantle with a solidus temperature of 1400°C. However, the relative
difference in the % PM between them inferred from the trace element modelling is
contradictory to the conclusions drawn above. In Figure 5.28, Ingolfsfjall appears to
be the products of smaller % PM than unit GB4. This can be explained, however, if
the initial source of GB4 is more depleted; as implied by its feldspar and major
element oxide compositions. The absolute abundances of the Nb/Ti and Zr/Nb ratios
predicted for the Icelandic samples suggests that the source for the Icelandic basalts
must have extremely enriched incompatible element ratios, and more than those in the
BSE mantle model presented here (Kostopoulos & James, 1992).

Units GB4 and S1
It was concluded above that the GB4 unit was the product of instantaneous

melting from a depleted DMM source. In Figures 5.22a, 5.23 and 5.28, both units
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GB4 and S1 are similar in bulk composition. However, they belong to different
petrological types. Unit S1 is of petrological type 2 basalt with only plagioclase
megacrysts, and unit GB4 is of petrological type 3 basalt with olivine and plagioclase
microphenocrysts (Table 4.3, p. 87). Unit S1 is the only petrological type 2 sample in
which the feldspar megacrysts are not drastically out of equilibrium with the host; as
assessed by the composition of the crystal rims (Section 4.2.1.1, p. 75). Unit GB4
also contains equilibrium calcic feldspar in the form of quench crystals (Figure
5.26b). Both these eruptive units have REE patterns that are more LREE-depleted,
relative to chondrite, than the rest of the suite analysed from the region. These REE
profiles and the relationship observed in Figure 5.23 for FeO* and [La/Yb], strongly
suggest that the eruptive units are the result of similar melting processes (i.e.
instantaneous melts from a depleted DMM source).

The question rises as to why unit GB4 basalt is devoid of megacrystic feldspar
and saturated in olivine, while unit S1 basalt crystallised megacrysts in abundance
and lacks olivine. The occurrence of the feldspar megacrysts in the vicinity of the
Grensdalur Central Volcano suggests that this reservoir is in some way the cause of
the generation of these crystals. It has been suggested that megacrystic plagioclase is
produced from supercooling of melts when they encounter melts of drastically
different composition and temperature (Kuo & Kirkpatrick, 1982). This interpretation
is supported by the evidence presented in this thesis. The abundance of these crystals
in the porphyritic type 2 basalts, and in gabbroic xenoliths, implies that magmas
similar to units GB4 and S1 should have been a commonly produced magma type in
the region, and yet only a small fraction of the eruptive units in the region have such
compositions (including the Mzlifell eruption studied by Hardardéttir (1986),
Trennes (1990) and Hansteen (1991)). This suggests that most of these magmas are
being interrupted en route the surface by a crustal reservoir and being supercooled,
mixed and diluted prior to eruption; however, occasionally, mixing does not occur
and the magma reaches the surface (e.g units such as Mzlifell, S1 and GB4). When
this occurs, it is suggested that either the magma reservoir has become clogged with
crystal mush of this sort, and so the magma is essentially isolated (for units S1 and
Mzlifell), or that the magma passes straight to the surface (for unit GB4).

5.7) Summary

There is scatter amongst the whole-rock compositions, but coherent trends
exist for the volcanic glass data. The chondrite-normalised multi-element profiles

illustrate that the majority of the samples have enriched incompatible element ratios,
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relative to chondrite, but that there is significant variation in the degree of enrichment
in the suite of samples. All the samples are tholeiitic, and the majority are classified

as olivine tholeiites, despite their petrographic character.

The aphyric petrological types 1a & 1b samples (whole-rock and glass) have a
uniform composition, whereas petrological type 2 (whole-rock) samples, with
significant feldspar megacrysts, are scattered. and fall along a modelled trajectory
representing feldspar megacrysts addition, suggesting they represent aphyric samples
that have had xenocrystic calcic plagioclase added to them. There is as much scatter
observed for the petrological types 3 whole-rock samples that cannot be explained by
crystal accumulation. The glass compositions of the two porphyritic suites,
petrological types 2 and 3, define parallel liquid lines-of-descent, suggesting that they
are not petrogenetically related to each other by fractional crystallisation. However,
this is not directly supported by the normative compositiéns. Amongst the various
petrological types of basalt there is no consistent relationship between the degree of
enrichment in the incompatible element ratios and the petrological type of basalt.

When the samples are examined in terms of regional and stratigraphic
distribution, a pattern emerges where the composition changes from being
monotonous to varied, and these periods are dominated by different petrological types
of basalt. The extent of, and variation in, differentiation becomes more enhanced in
the younger units of the Hveragerdi Volcanic System, which occur in the vicinity of
the extinct Grensdalur Central Volcano. The lava shields are generally less
fractionated, but each unique in elemental abundances at a given degree of
differentiation. Modelling and examples of vertical profiles through the shields
suggests that they are not the products of closed-system magmatism. However, the
constraints provided by the mineralogy (Section 4.5) indicate that open-system
magmatism, involving mixing of magmas of diversely fractionated compositions, is
also not a viable mechanism. The lava profiles of the lava shields indicate that the
mixing must be between lavas with subtle differences in the degree of differentiation,
as well as the incompatible element abundances and ratios. The main chgill eruptive
unit is identical to Ingolfsfjall in composition, and therefore is believed to represent a
subglacial lava shield type of eruption, and not the Hengill Central Volcano.

The compositional variation within the stratigraphy of the region provides
some constraint on the nature of the magmatic plumbing system there. The
occurrence of successive eruptions of uniform basalt may indicate thorough mixing in
the reservoir, while the progressive increase in contamination by megacrysts in a
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given region, coupled with the more abundant occurrence of extensively fractionated
eruptions, indicates that the magma reservoir is "clogging up" with crystal mush and
exists as isolated pockets of magma. Alternatively, the magma of a single eruption
event (lava shield) arrives at the surface having undergone no detectable crystal
addition or mixing with extensively fractionated magmas. The compositional
variation within the lava shield eruptions does not fit the classic models of either
open- or closed-system magmatism, and it is suggested that the lavas are erupted
straight to the surface without encountering a crustal reservoir of any sort. The
magmas may pond and accumulate at the base of the crust before eruption begins, but
it is envisaged that the eruption is then fed with melts that come straight off the
mantle melting column. Hismiili is the only exception to this type of model, and may

require a magma reservoir.

The REE signatures of the basalts are not consistent with the type of volcanic
eruption event from which the magma was erupted (i.e. lava shield or fissure).
However, the basalts from the lava shields have a distinct relationship between FeO*
and the degree of enrichment in the incompatible element ratios; as do the other
samples from the Hveragerdi Volcanic System, once the effects of fractional
crystallisation and megacryst addition have been accommodated for. Samples with
high FeO* are more enriched in their incompatible element ratios, such as [La/Yb]n.

Modelling indicates that the feldspar compositions are primarily controlled by
the % PM and the level of depletion in the source prior to melting. The highly calcic
plagioclases (megacrysts and some tabular feldspars) originated from instantaneous
melting of a depleted DMM source. The more compositionally varied tabular
feldspars are probably the result of poor mixing of liquids produced in variable ways.
For the major element oxide compositions, modelling suggests that all the samples
with lower FeO* are products of shallower melting. Basalts with identical trace
element ratios can be produced in more than one way by varying either the %PM,
source composition or the mantle solidus T°C. The samples from the study area
coincide with the 1400°C mantle solidus T°C trajectory, but could also be produced
by from a variably depleted source.

The genesis of basalts from the research area are constrained by the
modelling, and are likely to be the products of highly variable melting processes from
a mantle that must be extremely enriched in incompatible element ratios. A model
similar to that of Elliot er al. (1991) is applicable, with instantaneous melts from a-
depleted mantle being effectively extracted and erupted. Instantaneous melt form
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depleted mantle may either erupt as picritic lava shields, or enter the crustal reservoir
where they are supercooled, producing megacrysts (Kuo & Kirkpatrick, 1982).
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Chapter 6
Oceanography

6.1) Introduction

During the period of this research the author participated in two research
cruises to the Reykjanes Ridge. The first cruise was on the R/V Maurice Ewing in
October 1990 (cruise EW9008) and the second was on the Bjarni Semundsson in
November 1990 (cruise B16-90) (Figure 6.1). Data acquired during these cruises
include bathymetric charts and profiles, sidescan sonar images and petrographic
observations and geochemical data from dredged rocks. In this chapter, the data from
each of these cruises are described in turn and each is compared with corresponding
data from Iceland.

The Reykjanes Ridge is an obliquely spreading MOR in the North Atlantic
Ocean. Bathymctrié mapping of the ridge prior to the work described here had
yielded a 1:2,400,000 map of the Northeast Atlantic (Laughton et al., 1982). A more
detailed map of the area north of 63°N, as far north as Iceland, exists (Johnson &
Jakobsson, 1985; Olafsson et al., 1991) and there are many single line profiles across
the ridge (Vogt, 1971; Shih et al., 1978; Jacoby, 1980; Johansen ez al., 1984; Johnson
& Jakobsson, 1985). Collectively the existing bathymetric data indicate that the ridge
shallows towards Iceland. Additionally, the ridge profile perpendicular to the axis
gradually changes from that typical of a slow spreading ridge in the south with a well
developed median valley, to one that mimics a fast-spreading ridge with no median
valley in the north towards Iceland.

Existing sidescan sonar images from GLORIA 1II (Searle & Laughton, 1981)
reveal two main tectonic lineaments. One is parallel to the trend of the ridge axis
(036°), and the other oblique to it and perpendicular to the spreading direction (099°).
The ridge-parallel lineaments occur outside the axial zone and persist for variable
distances off-axis. They are interpreted as faults (Searle & Laughton, 1981). The
oblique lineaments orientated at approximately 014° are restricted to the median

165



Chapter 6

valley and are interpreted as en echelon volcanic ridges (Searle & Laughton, 1981).
The orientation of these features north of 63°N is west of 020° (Johnson & Jakobsson,
1985).

63°

62°

Bight Fracture Zone
_/

e

70

35° 30°

Figure 6.1: Bathymetric map of the Reykjanes Ridge showing the locations of the two research
cruises. Areas A-C refer to the three survey areas of the EW9008 cruise and B16-90 refers to the
location of that cruise. The en echelon volcanic systems on the Reykjanes Peninsula and Hengill are
also indicated (Jakobsson et al., 1978). The location of the DSDP Leg 49, Hole 409 is also indicated
with filled circles (Luyendyk, Cann et al., 1978); and the locations of the earthquake swarms of May
1989 (Nishimura et al., 1989), September 1990 (RIDGE Events, 1990) and the November 1990
(Olafson et al., 1991) are also indicated.
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6.2) EW9008 cruise - R/V Maurice Ewing

6.2.1) Cruise objectives

The cruise took place during October 1990 departing from Bergen (Norway)
and arriving in New York (U.S.A.) one month later. The two main objectives of the
cruise were to study the tectonics of an obliquely spreading MOR, and to examine the
tectonics at varying distances from the Icelandic plume. Three survey areas were
chosen at various localities between Iceland and the Bight Fracture Zone to the south.
These are referred to as areas A, B and C, from north to south, and are equally spaced

relative to each other (Figure 6.1).

The three survey areas coincided with segments of the ridge that had recently
been investigated by other workers who found features of specific interest. In area A
(61°30'N-62°03'N) submersible dives had yielded detailed accounts of the
morphology (Holcomb et al., unpublished manuscript, 1988). Area B (60°35'N-
| 59°40'N) includes the site of the May 1989 earthquake swarm (Nishimura et al.,
1989; Vogt, et al., 1990) and, prior to the EW9008 cruise, the RV Maurice Ewing
surveyed this region using both multibeam echo-sounders and the 'SeaMarc II' sonar
device (cruise titte EW9007) (Appelgate & Shor, 1991; Bell & Buck, 1992). In area
C (57°42'N-58°28'N) active hydrothermal sites had been reported from Soviet
submersible dives (Kuznetsov et al., 1985).

6.2.2) Instrumentation

The R/V Maurice Ewing is an American scientific research vessel from the
Lamont-Doherty Geological Observatory, Columbia University. It is equipped with
geophysical instrumentation which includes a swath-bathymetry multibeam echo-
sounder (the Krupp-Atlas "Hydrosweep"), single beam echo-sounders (12 and 3.5
kHz), GPS navigation, a gravimeter and a magnetometer. The Towed Ocean Bottom
Instrument (TOBI) was brought aboard from the Institute of Oceanographic Sciences
Deacon Laboratory (IOSDL). This is equipped with a double-sided 30 kHz sidescan
sonar device, sub-bottom profiler (7.5 kHz), tri-axial magnetometer, transmissometer
and a thermistor. The echo-sounders, gravimeter and magnetometer were in operation
from port to port, whereas TOBI was deployed at selected locations (within areas B
and C; Figure 6.1). This was the first time TOBI had been deployed over a MOR.

The sonar devices were the primary tools used during this survey. The
Hydrosweep multibeam echo-sounder was used to produce a bathymetric map. It has
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a swath width equivalent to twice the water depth and an example of the data is given
in Figure 6.2a. The contour intervals are 50 m in this example with ticks pointing
towards deeper contours. The entire data set from each of the three survey areas was
gridded and perspective views generated, examples of which are displayed in Figure
6.3.

The deeptow, high resolution, sidescan sonar device, TOBI was towed
approximately 400 m above the sea-floor. It produces an image with a swath width of
approximately 6 km. An example of the data is given in Figure 6.2b. The black band
down the middle of the swath marks the TOBI track. The sidescan sonar emits a
signal and measures the acoustic backscatter from the sea-floor. Generally, the degree
of backscatter is proportional to the roughness of the surface. Young fresh lavas tend
to be rough and have a high reflectivity, and as the surface of the lava is progressively
covered with sediment, it is smoothed and reflectivity is diminished. This variation in
reflectivity can be seen in Figure 6.2b with the more reflective material appearing as a
lighter shade of grey. Shadows are created by the undulating topography on either
side of the TOBI track where the signal does not penetrate. The region in Figure 6.2a
& b is the same, and is from area B (Figures 6.1 & 6.3). The height of the features
observed on the TOBI image (Figure 6.2b) can be measured using the Hydrosweep
data (Figures 6.2a). For example, seamounts X and Y are 150 m and 200 m in relief,
respectively. |

6.2.3) Observations from the EW9008 cruise

An overview of the observations from the cruise are described and discussed
in Murton et al. (1990) and Parson ef al. (submitted to EPSL) and only a summary of
the results is presented here. Emphasis is placed on results relevant to the Icelandic
research discussed in Chapters 1-5 of this thesis. Results from the cruise confirm that
there is variation in the bathymetric profile and shallowing of the ridge towards
Iceland. Profiles across the ridge in areas A to C differ in absolute depth and the
degree of elevation of the axial zone relative to the flanks (Figures 6.3 & 6.4). Area C
in the south displays a valley that is approximately 10 km wide, 400 m deep and
asymmetric in profile. This shallow median valley becomes progressively reduced in
magnitude northwards until at 59°N, midway between areas C and B, the profile
gradually changes and mimics that of a typical fast-spreading ridge (Figures 6.3 &
6.4).
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Figure 6.4: Profiles A-A’, B-B’ & C-C', from areas A, B & C respectively. The locations of the
profiles are indicated in Figure 6.3, and profile B is also indicated in Figure 6.2. The location of the
axis, median valley and the EVRs are indicated.
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much lower reflectivity and volcanic morphologies cut by faults. In view of this, the
EVRs are said to be in different tectonic states. There is no consistent relationship
between the tectonic state of the EVR and the distance from the Iceland plume.
Adjacent EVRs often exist in different tectonic states, as shown in Figure 6.2b by
EVR 1and EVR 2.

6.2.4) Geomorphological comparison with Iceland

6.2.4.1) Icelandic geomorphology

There are many striking similarities between the sea-floor observations
described above (Section 6.2.2) and the neovolcanic zone in Iceland. Attention has
been drawn to some of these in the past, such as the en echelon segmentation
(Thorarinsson, 1968; Jakobsson, 