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Abstract Basalt columns from Hreppholar (Iceland) show
distinct internal structures produced by alternating brighter
and darker bands through the column, locally exhibiting
viscous fingering features. Here, we present geochemical
and petrographic data retrieved from analyses of major and
trace elements and mineral chemistry from a cross section of
a single basaltic column. This is combined with petrograph-
ic descriptions and data on crystal size distributions of
plagioclase. We use our data from Hreppholar to test four
existing models that have been proposed to explain banded
structures inside columns: (1) deuteric alteration, (2) double-
diffusive convection, (3) constitutional supercooling, and
(4) crystallization-induced melt migration. We find that the
internal structures at Hreppholar represent primary magmat-
ic features, because approximately 20 % of the observed
structures crosscut the column-bounding fracture for each
meter along the main axis of the column. These features
must thus have been formed before the column-delimiting
crack advanced. Major and trace element analyses show
small but significant variations across the column and strong
correlation between oxides like FeO and TiO,, as well as
K50 and P,0s. The geochemical variations correlate with
the presence of darker/brighter bands visible on a polished
surface and can be explained by a variation in the modal
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proportions of the main phenocryst phases (specifically
variable plagioclase and titanomagnetite content). This
banding enhances the internal structures apparent in the
polished cross section from columnar joints at Hreppholar.
The measured variations in major and trace element geo-
chemistry, as well as mineral chemistry, are too small to
distinguish between the proposed band-forming models.
Plagioclase crystal size distributions, however, display a
systematic change across the column that is consistent with
late-stage migration of melt inside the column (i.e., the
crystallization induced melt migration hypothesis). The
central part of the columns have plagioclases indicative of
slow cooling and these are also more steeply oriented (i.e.,
subparallel to the column axis) compared with plagioclases
present in the more rapidly cooled edges. This redistribution
of melt within individual columns may significantly affect the
cooling rate of columnar-jointed lava flows and intrusions.

Keywords Columnar jointing - Hreppholar - Iceland - Melt
migration - Crystal size distribution - Magmatic banding

Introduction

Columnar-jointed rock has for a long time fascinated
observers with its regular, and often spectacular, hexagonal
patterns. The earliest scientific descriptions in literature date
back to the seventeenth century (Bulkeley 1693). Since
then, many workers have provided detailed descriptions of
the arrangements of columnar joints and offered various
hypotheses on their formation (Tomkeieff 1940; Spry
1962; Ellwood and Fisk 1977; Budkewitsch and Robin
1994; Grossenbacher and McDuffie 1995; Goehring and
Morris 2005; Gilman 2009; Guy 2009). Columnar joints
are a common feature in subaerial lava flows, especially of
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basaltic composition but can also be found in lava flows of
other compositions such as andesites, rhyolites, and obsi-
dians (Spry 1962), as well as in densely welded pyroclastic
rocks (Fritz and Stillman 1996; Michol et al. 2008).
Although many previous studies have focused on the pro-
cesses of columnar joint formation and the propagation of
column-delimiting joints, only a few studies have in detail
described the small-scale variations occurring within indi-
vidual columns (Ellwood and Fisk 1977; Ellwood 1979).

Several previous studies have described diffuse, near-
circular banding which can be observed when columns
are cut perpendicular to their long axes (Kantha 1981;
Mattsson et al. 2011). In literature, four different models
have been proposed to explain these internal structures:
(1) deuteric alteration due to flow of water along frac-
tures (Smedes and Lang 1955), (2) double-diffusive con-
vection and viscous fingering (Kantha 1981), (3)
constitutional supercooling (Guy and Le Coze 1990;
Gilman 2009; Guy 2009), and (4) crystallization-
induced melt migration (Mattsson et al. 2011). Although
the models span a wide variety of different physical
processes, they could all potentially produce the observed
semi-circular structures. However, these models are main-
ly theoretical and little direct evidence has been pre-
sented to support the proposed processes. Therefore,
this study aims to provide detailed petrographic, miner-
alogical, and geochemical data from a continuous section
through one basaltic column from Hreppholar (southern
Iceland).

In southern Iceland, numerous interglacial lava flows
have been emplaced on top of a tilted Plio-Pleistocene
succession of lava flows intercalated with hyaloclastites
and tillites (i.e., the Hreppar Series; Saemundsson 1970).
Many of these flat-lying interglacial lava flows have
developed columnar joints, and the Hrepphdlar lava flow
has been interpreted as being ponded in topographic

lows, which allowed for development of long slender
columns under static conditions (Saemundsson 1970).
The columns are nicely exposed in outcrops at Ornhéll
and Holahnukar (where they are also mined), approxi-
mately 1 km east of the Hreppholar farm (Fig. la, b).
The Hreppholar columns measure on average 0.45 m in
diameter (Kristinsdottir 2010), and many columns exceed
20 m in length (the lower contact of this lava flow is not
exposed so the total thickness is unknown; Fig. 1b). In
cross section, the Hreppholar basalt columns display dis-
tinct internal structures and they are therefore excellent
candidates to test which geochemical and petrographic
approaches record most information related to the origin
of these features. The same basalt column is also ana-
lyzed for its rock magnetic properties and anisotropy of
magnetic susceptibility (AMS) in an accompanying paper
(Almgqvist et al. 2012). In combination, these two studies
provide a comprehensive data set from a single basalt
column. Such data are essential to properly evaluate and
test the different models that have been suggested to
produce the internal structures in basalt columns.

In order to characterize the textural and geochemical
variations through a single column, we used a number of
complementary analytical techniques. We measured the
bulk-rock geochemistry, mineral compositions, 2D orien-
tation of plagioclase laths as well as stereologically cor-
rected crystal size distributions of plagioclase, from a
continuous profile across one of these columns. We infer
that the observed structures are primary magmatic fea-
tures formed during cooling and solidification of the
Hreppholar lava flow. Finally, we evaluate which infor-
mation can be retrieved from systematic studies of small-
scale structures in columnar-jointed basalts and how these
data fit with the different proposed hypothesis for the
origin of viscous fingering and diffuse semi-circular
banding in basalt columns.

Fig. 1 a Map showing the location of Hreppholar in relation to the
currently active and overlapping spreading zones in southern Iceland
(i.e., the Western and Eastern Volcanic Zone, WVZ and EVZ, respec-
tively, as well as the South Iceland Seismic Zone). b Photograph
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showing the active quarry at Holahnukar, approximately 1 km east of
the Hreppholar farm. Excavator gives scale. Photograph courtesy of
Sverrir Porolfsson
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Background: existing genetic models
for the development of internal structures
in basalt columns

The development of internal structures and banding inside
basaltic columns has been proposed to be the result of
widely different physical and chemical processes. In this
section, we briefly review different models from the litera-
ture which we later compare the results from our study with
those of the existing models. It is important to note that one
model involves no movement of melt inside the columns
(deuteric alteration), two models (double-diffusive convec-
tion and to a lesser degree also constitutional supercooling)
involve convective movement of material and that none of
the models account for volume loss during solidification
(therefore the amount of material upwelling must be equal
to the amount of downwarped material in order to maintain a
constant volume of the lava flow). The fourth and last model
(crystallization-induced melt migration) involves unidirec-
tional movement of molten material in side columns as a
result of continuous decrease in the specific volume during
crystallization within the central part of the column.

Deuteric alteration

Deuteric alteration involves flow of meteoric or hydrothermal
waters inside the free space created by the column delimiting
joints (Fig. 2a, b), and this process has been invoked to explain
semi-circular structures observed in columnar-jointed basalts
(i.e., Smedes and Lang 1955). The change in color and devel-
opment of internal banding inside columnar basalt from south-
western Oregon was interpreted to result from systematic
leaching of different elements in combination with hydration
of glass groundmass (i.e., palagonitization) which can gener-
ate a darker rim compared with a lighter-colored core (Smedes
and Lang 1955). In the columns studied by Smedes and Lang
(1955), the authors observed nearly identical mineral chemis-
try and crystal sizes from the rim to the core of the column.
However, towards the edges of the column they noted alter-
ation of magnetite and glass to form limonite, whereas the
compositions of plagioclase crystals remained largely unaf-
fected by the alteration process. In general, deuteric alteration
of basaltic lavas involves iddingsite formation around cracks
and rims of olivine crystals as well as leaching and hydration
of interstitial glass with subsequent precipitation of various
low-temperature zeolites (e.g., Juteau et al. 1979;
Kristmannsdottir 1979; Andrews 1980; Shelley 1993; Alt et
al. 1996; Schenato et al. 2003). These mineralogical changes
are also likely to produce a slight change in bulk geochemistry
of the affected rock. This should result in a systematic com-
positional variation between the edges and the central parts in
the columns, whereas the main petrographic textures should
not significantly change with position in the column. The

semi-circular pattern is in this case thought to develop from
overlapping areas near intersecting column edges, and this
may explain why bands become progressively more rounded
in the internal parts of the columns (Fig. 2a, b).

Double-diffusive convection and constitutional
supercooling

Kantha (1981) proposed the double-diffusive convection
model to explain the internal structures as well as the overall
mechanism behind formation of columnar joints in basaltic
lavas. In his study, Kantha (1981) compares the internal
structures observed in basalt columns with analogous
experiments done using hot salty water and cold fresh water.
If cold, fresh water lies above warmer salty water, the fluids
are initially stable. However, the heat loss from the lower
(hotter) fluid is much quicker than the rate of salt diffusion
between the fluids, which leads to oscillatory movements
and subsequently also development of double-diffusive
interfaces which can form “salt fingers” rising into the less
saline fluid (Kantha 1981 and references therein). The pro-
cess is not limited to systems where there are differences in
salinity and temperature; any two solutions with similar
diffusivities can produce such structures (Turner 1973).
Kantha (1981) argued that in the case of a basaltic magma
an early developed thermal structure can be perturbed by
instabilities arising from differences in heat and composi-
tion. For example, if there is a hotter part of a basalt,
enriched in heavy chemical components and overlying
slightly colder material with less of this chemical compo-
nent, the overall system appears to be stable, but some
instabilities would develop and result in basalt fingers
(Kantha 1981). Ultimately, the double-diffusive convection
and fingering results in a three-layered structure with a
strong convection in the center of the fluid, whereas the
lower and upper layers become finger regions (Kantha
1981). Kantha (1981) compares this structure with the typ-
ical structure of an ideal columnar-jointed lava flow, com-
prising upper and lower colonnades with the entablature in
between (as described by Spry 1962). Thus, in the model
proposed by Kantha (1981), basalt fingers are driven by the
difference of composition and heat across a vertical profile
of the lava flow, and therefore it also follows that there
should be a systematic difference in composition from the
top to the bottom of a columnar-jointed lava flow as well as
from the edges to the centre of each column. Several work-
ers have demonstrated geochemical differences between the
entablature and the colonnades (e.g., Spry 1962), but no
clear systematic geochemical trend has hitherto been
reported from the edge to the centre of a single column.
Another process that has been proposed in order to ex-
plain both the internal structures inside basalt columns as
well as controlling where column-bounding cracks develop
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Fig. 2 Schematic illustrations of the different models proposed to
explain internal structures in basalt columns. Deuteric alteration: a
water is circulating in the column delimiting cracks after emplacement
and systematically leaches elements out of the column, starting from
the sides and progressing inwards. b As time progresses, the leaching is
affecting deeper into the columns and the overall shape of the leaching
front becomes progressively more rounded towards the central parts.
Double-diffusive convection and constitutional supercooling: ¢ (upper)
progressive solidification preferentially enriches some elements in the
liquid phase producing a compositional contrast between solid and
liquid (Colig and Ciiquia, respectively). X denotes an arbitrary distance
from the cooling surface. ¢ (lower) Temperature profiles across the
liquid—solid interface. The temperature profile consist of two straight
lines (AB and BD) imposed by thermal diffusion. The curved line (BC)
denotes the liquidus temperature that corresponds to the composition of
the liquid and this varies in space depending on expulsion of a solute.
The blue field which outlines the area where the liquidus temperature is
greater than the local temperature represents the constitutional
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supercooling domain of Guy and Le Coze (1990). d Instability of a
planar surface interface. Time ¢; displays a mean planar interface as
well as a heterogeneity (f) with respect to the planar surface. The
supercooling domain spreads from (#1) up to (%). The growth rate of
the solid is greater on the top of the bump than laterally. This hetero-
geneity is amplified until it reaches plane (%,). Crystallization-induced
melt migration: e thermodynamic modeling of the Hreppholar system
shows that crystallization of titanomagnetite produces a large drop in
specific volume during solidification. At the same time as the drop of
the specific volume occurs, the viscosity of the system (77, =crystals+
melt) increases rapidly relative to the melt. This suggests that it is easy
to move melt through a partially crystallized framework to accommo-
date the volume decrease. f The source of the migrating molten mate-
rial is located near the interface of liquid and partially crystallized
material. The net effect of the melt migration into the columns is an
overall lowering of the upper surface of the lava flow; ¢, d redrawn
from Guy and Le Coze (1990) and e, f modified from Mattsson et al.
(2011)
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and propagate is the constitutional supercooling model (i.e.,
Guy and Le Coze 1990; Gilman 2009; Guy 2009). The
process of constitutional supercooling is well known from
metallurgy, where, if an impurity is present in an alloy, it
will not remain stable (i.e., non-planar conditions between
crystals and melt, Glicksman 2011). Although the cooling of
metal alloys is predominantly on a microscopic scale, a
similar process has been invoked for large-scale cooling of
basaltic lava flows (Guy and Le Coze 1990; Gilman 2009;
Guy 2009).

Overall, the constitutional supercooling model (Fig. 2) is
similar to the double-diffusive convection model originally
proposed by Kantha (1981). This is mainly due to the fact
that both models require gradients in heat and composition
during the cooling/solidification process to generate surface
instabilities. There are some subtle differences in the two
proposed constitutional supercooling models. Gilman
(2009) argued that the early solid which crystallizes from
basalts consists of minerals with a high melting point, such
as aluminates, whereas the last crystallized minerals have a
considerably lower melting-point like for example silicates.
Thus, if this process was in fact responsible for the forma-
tion of basalt columns there would also be a compositional
gradient from the edges to the centre of the individual
columns. Guy and Le Coze (1990) and Guy (2009) argued
that the compositional differences in silicate systems, in
terms of major elements, are not sufficient to produce the
necessary contrast in concentration (since most minerals
have overlapping crystallization sequences and include
many of the major elements into their crystal structure).
Instead, it was argued by Guy and Le Coze (1990) and
Guy (2009) that the compositional contrast driving this
process may instead have been the volatile content (e.g.,
H,0), which becomes progressively more enriched in the
melt as the solidification process continues.

Crystallization-induced melt migration

Mattsson et al. (2011) recently proposed a physical model
for melt migration in basalt columns driven by the continu-
ous decrease of specific volume inside the solidifying col-
umns (Fig. 2e, f). In their paper (Mattsson et al. 2011), the
authors argue that when a columnar-jointed lava flow starts
to solidify, the heat loss is dominated by conductive heat
transfer to the air above the lava flow, while isotherms inside
the lava flow are nearly horizontal. However, as cooling and
solidification continues and column-delimiting joints prop-
agate inward the heat loss to the sides of the column
becomes locally dominant (Fig. 2f). This results in a steep-
ening of isotherms inside the columns. Solidification of
basaltic lavas is associated with a 10-15 % decrease in
specific volume and this loss has to be accounted for in
some way (Boudreau and Philpotts 2002; Mattsson et al.

2011). Typically, the free space created by the jointing itself
can only account for maximum a few percent of this vol-
ume. By using thermodynamical modeling Mattsson et al.
(2011) showed that crystallization of titanomagnetite results
in a significant drop in specific volume coupled to a drastic
increase in viscosity of the bulk system (Fig. 2e). The
continuous volume decrease is accommodated by sinking
of the solidified top and fracture area while the still molten
material is migrating upwards into the central part of the
columns (Fig. 2f). The overall subsidence of the upper
surface of the lava flow accounts for the predicted 15 %
volume decrease during solidification. It is important to note
that this model involves unidirectional movement of mate-
rial in the columns over a relatively short distance and only
applies to internal structures (i.e., it does not explain the
origin of the columnar jointing itself).

Methods
Samples and profiles

Basalt columns from Hrepphdlar display distinctly banded
features in cross section. Because of the internal banding
these columns are mined as ornamental building stones and
can be found as floor tiles in various public buildings in
Iceland. For example, most of the floor tiles in the departure
hall of Keflavik international airport show identical features
as those described here. Therefore, although we only inves-
tigate one polished slab in detail, it is clearly representative
of the Hreppholar columns. In order to document and char-
acterize small-scale geochemical and textural variations
occurring within a single column, we used a polished slab
of a column (30 cm wide and 55 cm high; Fig. 3c). This
sample represents a central section along the long-axis of a
column where the most prominent internal features are
located (Fig. 3). Because the polished plate is cut on the
sides to make a rectangular tile, it is difficult to estimate
exactly how much material is missing on either side of the
sample (i.e., the distance from the edge of the tile to the edge
of the column), and if this is asymmetrically oriented or not.
However, we know from the sizes of the mined columns that
the longest cross-sectional distance measured within a single
column is approximately 0.45 m (leaving ~7.5 cm on each
side unaccounted for in our sample). We also know from
other polished slabs that the most prominent internal fea-
tures are typically found in the central parts (similar to that
observed in our plate; Fig. 3), therefore, it is likely that the
asymmetry is minor. From our polished slab, we cut several
profiles in order to prepare thin sections (samples marked
LS1 to LS20, with a size of 2x2.5x1 cm each, cut parallel
to the slab surface; Fig. 3a) and material for geochemical
analyses (cubes Al to A27 with a size of 1x1x1 cm each;
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Geochemistry, 1cm3 cubes
Thin sections, 2 cm high, 2.5 cm long

Fig. 3 Sketch of the Hreppholar columnar basalt together with exam-
ples of the internal structures that can be observed. a, b Photograph and
simplified sketch showing the main features of internal structures of the
studied column. The blue parts mark the areas where samples have
been cut for thin sections (LS1-10), and the red parts correspond to the

Fig. 3a). Before crushing the cubes for X-ray fluorescence
(XRF) and laser ablation inductively coupled plasma mass
spectroscopy (LA-ICP-MS) analysis, the cubes were mea-
sured for their rock magnetic properties and AMS.

Analytical methods

Traditional optical microscopy of thin sections was used to
determine mineral assemblages in the samples. The thin
sections were photographed at X2 magnifications, and the
photographs were later used to measure 2D orientation of
the long axes of plagioclase laths and to establish crystal
size distributions (CSDs).

The outlines of 10,208 plagioclase crystals were traced
by hand from the photographs of thin sections LS1 to LS10
(Fig. 3a) using Adobe Illustrator CS3. This yields an aver-
age number of more than 1,000 crystals measured per thin
section, which is significantly more than the minimum num-
ber of 250-300 crystals required to obtain statistically rele-
vant results (Mock and Jerram 2005; Morgan and Jerram
2006). After tracing the outlines, the image file was con-
verted to a binary TIFF file with ImageJ 1.410 (Rasband
2008). The CSD slice spreadsheet (Morgan and Jerram
2006) was used to estimate values for the short, intermedi-
ate, and long axes. The spreadsheet compares the 2D data of
intersections to a database and gives an objective estimate of
the 3D habit of crystals, defined by a least-square fit of an
ellipse and returns the best fit. The crystal size distributions
were calculated using the short-intermediate long axis ratios
retrieved from the CSD slice spreadsheet and the CSD
corrections software (Higgins 2000). The calculated CSD
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profile sampled for AMS (A1-27 and B1-27) and XRF analysis (A1-
27). There are two different styles of dark banding present in the
columns. ¢ Diffuse banding near the centre of the column, and d sharp
lines/bands that crosscut the diffuse banding

volume fractions range from 180 to 212 % of the measured
2D values. However, the 2D and CSD-calculated data for
the plagioclase is rather well correlated (R*=0.65) indicating
that the crystal shapes obtained from the CSD slice spread-
sheet, and later used in CSD corrections, yield a reliable
volume fraction of crystals (see also Brugger and Hammer
2010).

The cubes from profile A (Fig. 3a) were crushed and
ground in an agate mortar into a homogeneous, fine-
grained (<5 pum size) powder, fused with Li,B40, and cast
into glass pills. Major elements were measured by wave-
length dispersive XRF spectrometer (Axios, PANalytical)
and trace elements by LA-ICP-MS with a laser from
Lambda Physik Complex Pro. The data were processed
using the MatLab-based program SILLS v1.0.6 (Guillong
et al. 2008). Mineral chemistry was measured using an
electron microprobe (JEOL JXA-2800) with an accelerating
voltage of 15 kV, a current of 20 nA, and a focused beam.
Bulk magnetic susceptibility was measured for profile A
(Fig. 3a) using a low-field AGICO KLY?2 Kappabridge from
the Earth and Planetary Magnetism group at ETH Ziirich.

Results
Petrography

One of the most striking macroscopic features that can be
observed in the Hreppholar columns is the presence of two
different styles of dark banding. Near the center of the plate
(Fig. 3c), banding tends to fade out towards the center (i.e.,
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diffuse banding). This is in rather sharp contrast to a very
dark band/line which shows a well-defined (1-2 mm width)
boundary towards the surrounding rock (Fig. 3d). The latter
often crosscuts the structures formed by the diffuse bands.
In thin section the basalt column from Hrepphdlar is rela-
tively fine grained (seriate textured) with plagioclase, clino-
pyroxene, titanomagnetite/ilmenite phenocrysts with minor
amounts of olivine (<10 modal%). The sizes of the phenoc-
rysts range from 0.2 to 1.5 mm (Fig. 4). The groundmass of
all samples contains variable amounts of clinopyroxene,
plagioclase, and titanomagnetite/ilmentite.

Plagioclase (commonly lath shaped) is the most abundant
mineral in the thin sections and ranges in size from 0.2 to
1.5 mm. Some of the larger phenocrysts are not as elongated
as the smaller crystals and show clear zonation (Fig. 4c)
combined with distinct polysynthetic twinning. However,
only a few of these large crystals can be found per thin

section and the bulk of the plagioclase crystals show nearly
identical crystal shapes. Discontinuous plagioclase chains
(similar to those described by Philpotts et al. 1998, 1999)
are also visible in the thin sections. These plagioclase chains
do not persist through the whole thin sections (typical
lengths of 1 to 1.5 cm can be observed). Near-euhedral
olivine (0.5 to 1 mm in size) is much less common than
plagioclase but can be found in all thin sections (Fig. 4b).
Clinopyroxene is the most abundant mineral in the ground-
mass and often forms glomerophyric clusters together with
plagioclase (Fig. 4a). The clinopyroxene phenocrysts typi-
cally range in size from 0.3 to 0.7 mm. Titanomagnetite,
which is present in all thin sections, occurs as euhedral
crystals varying in size between 0.05 and 0.2 mm
(Fig. 4d). Towards the central part of the column, some
titanomagnetite display distinctly more elongated, needle-
like, shapes (see also Fig. 3 in Almqvist et al. 2012). Modal

Fig. 4 Photographs of thin sections showing the main petrographic
features observed in the studied column. a Clinopyroxene phenocryst
(vellow/orange color), approximately 1 mm in size, occurs intimately
associated with plagioclase (grey/black) in cross-polarized light. b
Iddingsite alteration (dark red) along microcracks in a euhedral olivine
crystal (cross polarized light). ¢ Plagioclase phenocryst with distinct
zonation, the quadratic shape is typical for large plagioclase phenocrysts.

The plagioclase shows small intergrown minerals of clinopyroxene from
the groundmass (cross-polarized light). d Photographs showing the gen-
eral (seriate) texture of the Hreppholar basalt. Bright elongated minerals
are plagioclase laths, the light brown minerals are clinopyroxene and the
black minerals are titanomagnetite (plane polarized light). Note that,
although not very distinct, the titanomagnetite tends to form bands, or
trails, through the thin section. Note also elongated ilmenite crystals
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analyses show that the dark diffuse banding is predominant-
ly a result of the amount of titanomagnetite which is on
average 7 modal% in the dark bands, whereas brighter bands
contain 4 modal%. Local enrichments of titanomagnetite are
visible as darker discontinuous bands in the thin sections
(Fig. 4d). llmenite can be found as occasional single crystals
in the fine-grained groundmass. Overall, the Hreppholar
columns are fresh as indicated by the very minor iddingsite
alteration occurring: (1) along cracks or (2) at the outer rims
of a few olivine crystals (Fig. 4b).

Geochemistry
Major elements

Major element geochemistry data for the samples belong-
ing to Profile A (Fig. 3a) are listed in Table 1. It is clear
from the bulk-rock compositions (Table 1) that the
Hreppholar lava has a rather evolved tholeiitic composi-
tion with Mg# (Mg#=Mg”"/(Mg*'+Fe*")) ranging from
24.8 to 26.5 within the column. The major elements are
plotted against K,O as a fractionation index for the
present study (Fig. 5) because none of the main pheno-
cryst phases in the samples incorporate significant potas-
sium into their crystal structure. The K,O content of the
samples ranges from 0.41 to 0.46 wt.% (Table 1). P,Os
shows a distinct positive correlation with K,O, whereas
MgO and CaO correlate negatively. The Na,O-content
remains relatively stable between 2.40 and 2.48 wt.%
with increasing K,O. The remaining oxides (i.e., SiO,,
Al,O3, and Fe,03) show broad scatter against K,O.
Figure 5 shows that the composition of the bulk rock
compositions of individual samples is strongly dependent
on the relative fractionation/accumulation of the main
mineral phases present in the Hreppholar columns.

When plotted as a function of their location within the
column (Al to A27), the major elements show a series of
positive and negative peaks (Fig. 6). For example SiO,
shows three distinct negative peaks in sample A9, A23,
and A24. The general Al,Oz concentration decreases from
Al to A27, although there are some higher peaks. In con-
trast to the other samples, sample A5 shows in many major
element plots a clear positive peak (i.e., K,O, P,Os, Na,O,
and MnO), and a negative peak in CaO and MgO. Samples
A23 and A24 are depleted in SiO, and Al,O3 but in contrast
to this, these two samples are enriched in Fe,O; and TiO,.
Overall, Fe,O5 and TiO, show a strong covariance across
the column (Fig. 6) as does K,O with respect to P,O5 (with
a high peak in sample A5 and rather low peaks in samples
A3 and A23). The negative correlation between Fe,O3 and
Al,O5 (Fig. 6) strongly indicates variable proportions of
titanomagnetite and plagioclase respectively, between dif-
ferent samples.

@ Springer

Trace elements

All analyzed samples from Profile A have similar trace
element concentrations (Table 1). In order to illustrate the
variation in trace elements across the column we have
chosen to plot five representative samples (i.e., Al, AS,
Al7, A20, and A27), one from each edge of the polished
plate and three additional samples which represent the
total measured variation. The trace element concentra-
tions display less scatter than the rare earth elements
(REE) concentrations and all five samples plot close to
one another (Fig. 7). Although there is some scatter in
the concentration of the REE between the representative
samples, all analyzed samples are characterized by rela-
tively high (La/Yb)y ratios ranging between 2.96 and
3.51 (Fig. 7; Table 1). In order to further identify the
causes of geochemical variations across the column, we
also normalized the representative samples to the average
composition (n=27) of the column (Fig. 7). When nor-
malized to the average composition of the Hrepphodlar
lava, the trace elements display nearly identical trends
(only shifted above or below the average), whereas the
REE show sometimes opposite trends (Fig. 7). There are,
however, slight but significant Eu-anomalies (both posi-
tive and negative) within the column. This is even more
evident when normalized against the average composition
(with Europium anomalies ranging from 0.913 to 1.092
relative to the average of all 27 samples), reflecting the
variable plagioclase content across the column.

Mineral chemistry

The most abundant phenocrysts, plagioclase, display normal
zoning characterized by decreasing anorthite content to-
wards the rim (Table 2a). The plagioclase core compositions
vary between Angy and Angs, with slightly more evolved
outer rims ranging between Ang, and Ans,. Also the smaller
crystals (microphenocrysts) display considerable composi-
tional variation ranging from Angg to Ansz. In general, the
An content varies more in phenocrysts than in microphe-
nocrysts. Across the whole column, there is no clear sys-
tematic trend between phenocryst core/rim-compositions at
the edge of the column with the same compositions in the
center of it (Table 2a). The composition of the microphe-
nocrysts differs slightly from the composition of the phe-
nocrysts, with the former having slightly higher SiO, and
CaO contents compared with the latter.

The most variable oxide in the clinopyroxenes is FeO, with
rims more enriched in FeO than the cores of single grains (i.e.,
normal zonation; Table 2b). The clinopyroxene core compo-
sitions range from EnygFs;4,Wosg to EngsFs;5Woy;, whereas
the rims vary between EnygFs,oWos4 and EngyFs,oWosg
(Table 2b).
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indicate the direction of the evolving melt, if crystallizing 2 or 5 % of amount (marked in percent) of the crystallizing mineral
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4 Fig. 6 Variation of the major elements (in weight percent) and the bulk
susceptibility (K, in SI) from AMS measurements as a function of
their location within the A-profile (A1-A27) across the column. Error
bars indicate 20 statistical error of the analyses. Some correlation can
be seen between certain elements (i.e., TiO,, Fe,05, SiO,, and Al,O5)
and the structures inside the column (e.g., high TiO, and Fe,O3 where
the dark bands are visible and thus low SiO, and Al,O3). A negative
correlation can be seen when plotting Al,O3 vs. FeO

All compositional analyses of olivine report core compo-
sitions (Table 2c), as only one of the analyzed olivine
crystals showed zoning. In general, the composition of the
olivines ranges from Fos, to Fo,; in the different samples.
The reversed zoning found in one of the olivines is consid-
erable, ranging from Fo;s in the core to Foug at the rim, and
it is interpreted as a xenocryst due to the very low Fo core.
Olivine is absent as a groundmass mineral.

Opaque minerals are titanomagnetite and ilmenite.
Typically the titanomagnetites range in composition be-
tween Mags,Uspgg and Mag;sUspg, in the phenocrysts
and MagsgUspes, and MagsUspgs in the microphenocrysts
(Table 2d). The ilmenites vary only slightly in composition
between Ilmg;Hem; and Ilmgs;Hem, (Table 2¢). Applying
the geothermometer based on coexisting titanomagnetite—
ilmenite pairs (Sauerzapf et al. 2008) yields crystallization
temperatures of 994+6 °C. There is no noticeable difference
in temperatures calculated for titanomagnetite—ilmenite
pairs in the brighter- vs. darker-colored bands.

2D-orientation and CSD of plagioclase

The 2D-orientations (inclinations) in the vertical plane of
plagioclase laths were measured from photographs of thin
sections (Fig. 8). The thin sections were cut from the lower
part of the plane so that the plane of the sections is parallel
to the plane of the plate (Fig. 3a). Inclinations of plagioclase
crystals were measured between 0° and 180°, with 90° being
vertical, and mirrored in the rose diagrams to accentuate the
measured orientations. Although the exact orientation of the
c-axes in the crystals is not known, the elongate lath shape
of plagioclase crystals allows intersection trends to be used
as a rough indicator of orientation (Smith 2002 and refer-
ences therein). The plagioclase data were divided into two
groups with a limit set at 0.2 mm in order to differentiate
between the macrophenocrysts (>0.2 mm) and microphe-
nocrysts (0.2 mm). The measured orientation is similar for
most crystals, and no clear difference can be seen between
orientations of macrophenocrysts versus microphenocrysts.
Most crystal orientations plot in the upper right quadrant of
the diagram. Some samples (e.g., the macrophenocrysts in
LS4 and LS7) stand out from this general orientation as
these are oriented near-parallel to the long axis of the col-
umn (Fig. 8).

Stereologically corrected crystal size distribution data
(Table 3) was plotted on a classic CSD diagram of In

100.0 100.0
—A1
Q
= A I
& —A17 £
= —A20| T
o —A27 )
> <
= (@]
g 10.0 V 5
[oR ~
~ )
@ a
o IS
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© n
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Rb Th Nb_ K Ce Pr Nd_Zr Eu_Tb_ Ho_Yb
Ba U Ta La Pb Sr Sm Hf Gd Dy Er Lu 10.0

RO FZARAIAA N
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Sample / Average composition

" Rb_ Th Nb_ K ée Pr Nd_ Zr Eu_Tb Hol\;b
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Fig. 7 REE and trace element diagrams of selected samples. REE
were normalized to C1 chondrite, trace elements to primitive mantle

values after Sun and McDonough (1989). Lefi trace elements normal-
ized to the primitive mantle (fop left) and to the total average

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1.0 j E;; ;5

o8, ., ., ., . ooy
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Sample / Average composition

composition of all 27 samples (lower leff). Right REE normalized to
the Cl1-chondrite (top right) and to the total average composition of all
27 samples (lower right). In both these diagrams, the element Pb is
missing in sample A27, as this value was below the detection limit
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Table 2 Representative microprobe analyses of phenocryst phases in the Hreppholar basalt column

Sample  Location  SiO, Na,O CaO K,O FeOT  ALO; MgO P,0Os5 TiO, Cr,03 Total

(a) Plagioclase

LS1 Core 51.04 3.19 14.33 0.10 090 2931 0.152 0.014 0.098 - 99.14
Rim 53.9 4.73 12.24 0.19 0.85 27.26 0.156 - 0.090 - 99.42
Micro 52.47 3.87 13.35 0.13 1.04 2836 0.088 0.022 0.098 0.026 99.46
LS2 Core 52.57 3.57 13.67 0.13 082 29 0.154 0.038 0.085 - 100.03
Rim 56.86 5.49 10 0.33 1.30  25.55 0.170 0.051 0.206 0.040 99.99
Micro 52.97 3.79 13.11 0.16 1.55  28.09 0.163 0.054 0.122 - 100.00
LS3 Core 51.45 3.36 14.16 0.12 091 29.23 0.116 - 0.066 0.004 99.42
Rim 54.29 4.46 12.09 0.19 1.06  27.38 0.114 - 0.145 - 99.73
Micro 53.29 3.85 13.04 0.13 1.10  28.48 0.121 0.018 0.110 0.025 100.17
LS4 Core 54.44 4.38 12.12 0.20 085 27.37 0.132 0.012 0.122 - 99.63
Rim 55.99 5.21 10.78 0.25 1.06  26.27 0.097 - 0.173 0.010 99.84
Micro 55.7 5 11.11 0.26 1.10  26.29 0.114 0.004 0.200 - 99.78
LS5 Core 48.75 2.84 13.18 0.16 8.12  23.61 1.850 0.120 1.360 0.001 100.00
Rim 54.62 429 12.34 0.22 097  27.63 0.107 - 0.139 0.001 100.31
Micro 54.51 4.58 11.83 0.21 1.07  26.85 0.121 0.034 0.119 - 99.32
LS6 Core 52.14 3.91 13.86 0.11 0.79  28.58 0.209 0.031 0.072 0.015 99.72
Rim 55.18 4.7 11.68 0.21 0.79  27.04 0.102 - 0.095 0.026 99.82
Micro 54.53 45 12 0.20 1.02 2738 0.104 0.021 0.141 - 99.90
LS7 Core 51.84 3.38 14.44 0.12 0.73  29.18 0.142 0.012 0.104 0.001 99.94
Rim 56.04 5.11 10.82 0.24 0.85  26.69 0.087 - 0.149 0.011 100.00
Micro 56.36 5.04 10.81 0.24 092  26.46 0.151 0.014 0.143 0.017 100.15
LS Core 51.49 33 14.23 0.10 088 294 0.155 0.031 0.090 - 99.67
Rim 54.55 4.45 12.23 0.20 0.78  27.93 0.106 0.029 0.112 0.006 100.40
Micro 52.85 3.59 13.31 0.14 1.01  29.06 0.145 0.037 0.085 0.009 100.24
LS9 Core 49.88 2.55 15.94 0.07 0.85  30.67 0.089 - 0.080 0.024 100.15
Rim 54.89 4.46 11.98 0.18 086 27.42 0.141 0.012 0.100 - 100.05
Micro 55.23 4.76 11.98 0.19 1.16  26.64 0.133 0.014 0.093 0.007 100.21
LS10 Core 52.92 3.6 13.44 0.13 0.88 27.84 0.150 0.000 0.104 - 99.07
Rim 56.47 5.2 10.45 0.29 1.28 25.18 0.274 0.035 0.136 - 99.32
Micro 54.64 4.36 12.39 0.17 092 27.12 0.106 0.011 0.120 0.026 99.86
(b) Clinopyroxene
LS1 Core 50.26 0.316 19.34 - 8.93 4.00 15.74 0.006 1.22 0.281 100.10
Rim 51.29 0.130 16.23 - 13.68 1.63 16.06 0.027 0.95 0.007 100.00
LS2 Core 50.62 0.322 18.78 - 12.20 2.63 14.54 0.012 1.38 0.022 100.51
Rim 50.35 0.246 18.76 0.02 10.39 3.57 15.38 - 1.40 0.037 100.15
LS3 Rim 51.21 0.228 17.79 0.01 12.68 1.79 15.11 0.056 1.01 - 99.89
Core 50.79 0.296 20.25 - 8.90 3.12 15.59 - 0.99 0.207 100.15
LS4 Core 52.04 0.213 20.13 - 8.20 2.02 16.14 - 0.68 0.183 99.61
Rim 51.61 0.261 18.18 - 12.52 1.62 15.26 - 1.00 0.030 100.48
LS5 Core 51.76 0.192 15.62 0.01 15.06 1.19 15.35 - 0.90 0.001 100.09
Rim 51.76 0.218 15.90 - 13.67 1.32 16.21 - 0.81 0.006 99.90
LS6 Core 51.25 0.241 20.04 0.02 8.90 3.02 15.66 - 1.00 0.143 100.27
Rim 51.15 0.306 18.16 - 12.29 2.16 14.85 0.059 1.12 0.021 100.12
LS7 Core 50.14 0.337 19.15 0.01 11.43 3.70 14.4 0.038 1.38 0.067 100.65
Rim 51.83 0.303 18.17 0.05 12.63 1.91 14.51 0.015 1.03 - 100.45
LS Core 49.61 0.334 19.88 - 9.43 413 15.01 0.020 1.57 0.102 100.08
Rim 51.80 0.192 17.54 - 12.55 1.66 14.97 0.033 0.99 0.021 99.76
LS9 Core 51.29 0.244 20.69 0.01 8.26 2.98 15.67 - 0.95 0.222 100.31
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Table 2 (continued)
Sample  Location  SiO, Na,O CaO K,0 FeOT  ALO; MgO P,0s4 TiO, Cry,03 Total
Rim 50.81 0.235 15.80 0.01 18.92 1.41 12.17 0.012 1.04 0.003 100.41
LS10 Core 53.12 0.193 18.73 - 8.60 1.93 17.08 0.005 0.70 0.161 100.52
Rim 52.26 0.225 18.05 0.01 12.70 1.63 15.22 0.006 1.03 0.009 101.14
(c) Olivine
LS1 Core 36.93 0.049 02772 0.01 31.49 - 31.99 0.074 0.04 - 100.86
LS2 Core 36.84 - 0.2838  0.01 33.17 0.0006  31.11 0.088 0.04 0.003 101.54
LS3 Core 36.21 - 02734 - 37.25 - 27.68 0.004 0.04 0.002 101.46
LS4 Core 37.56 - 0.2613  0.01 31.41 - 32.12 - 0.03 0.015 101.41
LS5 Core 37.05 0.002 0.2933 - 33.01 0.0097  30.86 0.043 0.04 - 101.30
Rim 35.51 - 0.3343  0.0045 42.33 - 23.64 0.0404 0.0166  0.0207  101.90
LS6 Core 36.07 0.025 0.3551  0.00 33.58 0.0484  29.17 0.038 0.05 - 99.34
LS7 Core 37.73 0.060 0.3295  0.01 33.59 0.035 29.62 0.084 0.01 0.037 101.51
LS Core 36.70 - 0.3044  0.01 34.88 0.0637  19.44 0.043 0.02 - 101.46
LS9 Core 36.92 0.022 0.3282  0.01 34.23 - 29.63 0.033 0.02 0.006 101.20
LS10 Core 36.54 0.077 0.3027  0.00 37.84 - 27.18 0.031 0.03 - 102.00
(d) Titanomagnetite
LS1 Pheno 0.05 - 0.042 - 69.26 1.68 0.872 0.005 25.57 0.023 97.50
Micro 0.03 0.019 0.169 - 68.34 1.90 1.122 - 25.24 0.026 96.84
LS2 Pheno 0.10 0.130 0.079 0.00 68.7 1.84 0.931 - 25.57 0.025 97.37
Micro 0.07 - 0.293 0.01 67.51 1.95 1.780 - 24.70 0.048 96.36
LS3 Pheno 0.06 - 0.058 0.01 69.4 2.04 0.816 - 25.01 0.055 97.45
Micro 0.39 0.059 0.122 0.06 72.1 1.69 0.210 - 21.04 0.032 95.70
LS4 Pheno 0.11 0.015 0.007 0.00 69.83 2.38 1.369 - 23.41 0.168 97.29
Micro 0.04 - 0.059 0.01 70.65 1.93 0.620 0.020 23.89 0.034 97.25
LS5 Pheno - - 0.015 - 69.48 2.37 1.568 0.021 23.53 0.196 97.18
Micro 0.05 0.015 0.087 0.00 71.52 1.56 0.246 0.027 23.29 - 96.80
LS6 Pheno 0.05 0.026 0.021 0.02 70.52 2.14 1.059 - 23.61 0.069 97.51
Micro - 0.1262 0.1244  0.0084  68.46 1.8431 0.5948 - 24.3 - 95.457
LS7 Pheno 0.11 - 0.023 - 69.73 2.16 1.299 - 24.06 0.102 97.49
Micro 0.0718  0.0496 0.0914  0.0205 69.23 1.7824 0.6247 - 24.52 0.0084 96.3989
LS Pheno 0.04 - 0.018 0.01 69.26 1.89 1.070 0.004 24.98 0.080 97.35
Micro 0.05 - 0.029 - 68.76 1.81 0.971 - 25.37 0.038 97.02
LS9 Pheno 0.05 0.102 0.029 - 69.68 1.91 0.923 - 24.66 0.011 97.37
Micro - - 0.147 0.02 68.23 1.59 0.985 - 25.79 0.053 96.81
LS10 Pheno 0.06 - 0.051 - 68.78 1.53 0.700 - 25.99 0.014 97.12
Micro 0.0062 — 0.2306 — 69.05 1.6902 0.6295  0.0093  24.48 0.0302 96.1261
(e) llmenite
LS4 Pheno - - 0.272 0.0212 485 0.12 0.968 - 49.39 0.004 99.03
Micro - - 0.3261  0.0047 47.87 0.1932 0.9267 0.0167 48.86 0.0171 98.2145
LS5 Micro 0.7006  0.0981 0.258 0.0076  46.7 0.2431 0.9038  0.02 47.62 0.0122 96.5634
LS6 Micro - 0.027 0.1579 - 48.49 0.0634 0.641 0.0012  49.24 0.0353 98.6558
LS7 Micro - 0.0622 0.2248 0.0144 473 0.0793 0.7738 - 4991 - 98.3645
LS10 Micro 0.0267 - 0.0796  0.0037 47.48 0.1274 0.8652  0.0422  49.98 0.0304 98.6352

(population density) versus crystal size (Fig. 9a). A repre-
sentative example of a digitized thin section used for the
CSD analysis is presented in Fig. 9b. All samples show
similar trends in the CSD plots, with samples LS2, LS3,

LS5, and LS8 containing the largest plagioclase crystals
(>1.6 mm; Fig. 9a). The total amount of plagioclase in the
different thin sections varies between 50.9 (LS6) and
64.3 vol.% (LS5). The intercepts of the CSDs range from
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Fig. 8 Rose diagram showing the orientation of plagioclase macro-
phenocrysts (>2 mm) and microphenocrysts (<2 mm) along the profile
(i.e., LS1 to LS10). The mean direction is clockwise with respect to the

7.07 (LS4) to 7.96 (LS9), and the slope of the regression line
from —5.04 (LS7) to —7.8 (LS9). By plotting the slopes of
the regression lines for the CSDs against location within the
polished slab, we show that samples from the sides of the
columns have steeper slopes in the CSD’s, followed by a
flattening trend inwards (Fig. 9c). However, there is a region
near the center of the slab where the CSDs steepen again
(samples LS5 and LS6; Fig. 9¢). The crystal number density
(CND) of plagioclase shows that there are more crystals
near the center of the column and at the edges of the plate
than in the areas in between (Fig. 9¢c). In general, the slope
of the CSD and the CND of the samples show an inverse
correlation (i.e., the higher the CND the steeper the CSD
slope). In addition to this, there is also a rough correlation
between observed 2D-trends of plagioclase laths and the
slope of the CSD plot (Fig. 9d). In general, steeper CSD
slopes are associated with more subhorizontally oriented
crystals whereas flatter CSD’s are coupled to more steeply
inclined plagioclase laths.

@ Springer

column’s long axis. There is no clear difference between the orienta-
tions of the macrophenocrysts and the microphenocrysts, but the ma-
jority of the crystal orientations plot in the first quadrant of the diagram

Discussion
Geochemistry and mineral chemistry

It is clear from petrography that the alternating brighter and
darker bands inside the columns reflect variations in the
modal proportions of the main crystallizing phases (i.c.,
plagioclase, clinopyroxene, and titanomagnetite/ilmenite),
where the dark bands contain 7 modal% titanomagnetite
and the bright bands 4 modal% titanomagnetite. In a typical
low pressure crystallization sequence for basaltic composi-
tions, olivine and plagioclase crystals are first on the solidus
followed by clinopyroxene (Wright and Okamura 1977,
Philpotts and Dickson 2002). Crystallizing plagioclase and
olivine depletes melt in elements like Na, Mg, Ca, and Al,
while enriching it in elements like Fe and Ti (Philpotts and
Dickson 2002). This change in chemistry finally stabilizes
titanomagnetite and ilmenite in the end of the crystallization
sequence. Similar modal layering has been reported from
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Fig. 9 a Classic CSD diagram
for plagioclase crystals in thin
sections LS1 to LS10. There are
small but significant variations
between the different samples.
b Binary image of the
plagioclases in a digitized thin
section (LS4). ¢ Variations in
the slope of CSDs (red) and the
crystal number density (CND,;
blue) plotted across the profile
through the column (from LS1
to LS10). The two graphs
correlate inversely with each
other, i.e., a high CND
corresponds to a steep slope in
the CSD diagram and the other
way around. d Plot of CSD-
slope versus measured mean
orientation for plagioclase
across the Hreppholar column.
Note that there is a rough cor-
relation between slope and ori-
entation in that samples with
steeper CSD-trends have more
flatly arranged laths and vice
versa

80 m depth within the Holyoke flood basalt and several
other locations (Philpotts and Dickson 2002 and references
therein). Philpotts et al. (1998, 1999) and Philpotts and
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Dickson (2000, 2002) also showed by their detailed descrip-
tions and experimental work, that the minerals tend to form
layering during cooling of a thick lava flow (i.e., such as
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Hreppholar). These layers primarily consist of plagioclase
chains which begin forming during an early stage of crys-
tallization (i.e., 75 % liquid, Philpotts and Dickson 2000,
2002; Philpotts et al. 1998, 1999). When the plagioclase
chains have formed (with interstitial olivine and clinopyr-
oxene), the remaining melt starts to crystallize titanomagne-
tite (as the melt is more enriched in Ti and Fe). Thus, this
type of modal layering is a relatively common phenomenon
in thick and slowly solidified basalt flows.

As we do not detect any systematic variations in the
mineral chemistry across the column (Table 2), it is clear
that we cannot use mineral chemistry in this case to sub-
stantiate or to refute any of the proposed models that explain
the internal structures of basalt columns. However, it has
been shown experimentally that the anorthite content of
plagioclase correlates positively with the amount of H,O
dissolved in a basaltic melt (Takagi et al. 2005 and refer-
ences therein). Thus, assuming that constitutional super-
cooling (as proposed by Guy and Le Coze (1990) and Guy
(2009)) and enrichment of volatiles in the central parts of the
column was responsible for the observed banding we would
expect to see trends of more An-rich plagioclase in the
centre (at least reflected in the compositions of plagioclase
microphenocrysts). This is not the case at Hrepphodlar
(Table 2).

Although there is no clear fractionation/accumulation
path indicated by the modeling of bulk-rock compositions
(Fig. 5), the data clearly suggest variability in the amount of
different phenocryst phases present. Considerable scatter
can be expected in this plot since the individual bulk-rock
samples are relatively large (1 cm®) whereas the banding is
on a significantly smaller scale (typically 0.5 mm in width).
A single bulk-rock sample may thus contain several darker/
brighter bands and the bulk-rock analyses represent an av-
erage of these. However, the petrological variations
recorded across the A-profile (Figs. 5 and 6; Table 1) are
unlikely to be simply the result of analytical scatter. The
positive peaks in TiO, and Fe,O5 content (oxides, and their
strong covariance), coupled with negative trends in other
oxides (e.g., Si0,, Al,05, MgO, and Na,O), correlate quite
well with the darker bands in the polished plate. This sug-
gests that dark bands are related to relative enrichment of
titanomagnetite, which is also supported by the petrographic
observations of thin sections (Fig. 4d). Also different modal
amounts of plagioclase crystals in the samples Al to A27
can be inferred from the variation of the Eu anomaly (Eu/
Eu*=0.913-1.092) with respect to the average composition
of the Hrepphdlar column.

Based on the absence of mineral assemblages character-
istic for alteration (e.g., iddingsite formation in combination
with crystallization of various zeolite minerals; Smedes and
Lang 1955), we conclude that the Hreppholar columns were
not subject to extensive alteration and that alteration cannot

explain the observed banding. This is also supported by
field observations, because alteration from the sides of the
columns cannot produce the observed cross-cutting relations
between bands and column-delimiting joints.

The origin of the banding within the Hreppholar column
can be inferred to be the result of systematic and repetitive
enrichment/depletion of different elements in the melt as the
lava slowly cools and solidifies (similar to that described by
Philpotts and Dickson 2002). However, the small variations
in mineralogy and geochemistry across the plate are not
sufficiently clear to provide conclusive evidence for any of
the three remaining models (i.e., double-diffusive convec-
tion, constitutional supercooling and crystallization induced
melt migration). This has been pointed out previously by
Guy (2009) who argued that it is unlikely that geochemical
(and mineralogical) fingerprints of the processes will be
preserved, because the minerals in a basaltic magma crys-
tallize under relatively similar P-7 conditions and to a large
extent also during same time (i.e., overlapping crystalliza-
tion sequences). Therefore, it is difficult to produce a clear
geochemical trend across the columns (except for perhaps
the volatile concentrations as suggested by Guy 2009).
Based on the 27 bulk-rock samples analyzed by XRF and
LA-ICP-MS in this study, we completely agree with Guy
(2009) that geochemical analyses do not allow discrimina-
tion among the different genetic models. Alternative indica-
tors must be sought to identify the processes responsible for
the internal structures at Hreppholar.

Orientation of plagioclase laths and crystal size distributions

In many subaerially emplaced basaltic lava flows, plagio-
clase laths are arranged sub-horizontally, reflecting the orig-
inal alignment imposed during flow emplacement. This
original flow-related mineral orientation can be later over-
printed by mineral growth during slow cooling and crystal-
lization in random directions after the flow has stopped
moving (Smith 2002 and references therein). The plagio-
clase crystals at Hreppholar have inclinations in 2D between
95° and 131° (Fig. 8), but there is some order to their
orientations depending on location within the plate. In gen-
eral the central part of the investigated column has more
steeply oriented crystals than the rock at the plate edges
(7.5 cm in from the column boundary) (Figs. 8 and 9c). This
difference in mean orientation is slight but important.

It has previously been shown experimentally that rapid
cooling in basaltic systems leads to steeper trends in the
CSD plots (i.e., there is not a significant difference of the
sizes of the individual crystals) of plagioclase for any given
temperature (i.e., Burkhard 2002; Hammer 2008; Pupier et
al. 2008). As the minerals in our thin sections from the
Hreppholar column do not show any systematic composi-
tional variation with location, we can assume that the
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different parts of the column crystallized under similar tem-
perature conditions. This is also supported by the titanomag-
netite—ilmenite thermometer (Sauerzapf et al. 2008), which
suggests stable crystallization temperatures between 988
and 999 °C across the column. From Fig. 9a—d, it is clear
that the polished slab displays steeper CSD trends towards
its edges, combined with a flattening inwards. This system-
atic change is consistent with faster cooling at the edges of
the column, creating steeper CSD trends, which means
minor variation in crystal size, versus slower cooling away
from the edges resulting in less steep trends and thus more
variability in crystal size (i.e., in the internal parts). There
are also characteristically kinked trends for some of the
samples (Fig. 9a). Such trends are typically attributed to
mechanical mixing of crystal populations, grown under
different conditions (Higgins 2006 and references therein).
Hence, the kinked trends in our samples may also arise from
mixing of two separate populations of crystals: (1) one that
formed early crystallizing, discontinuous, plagioclase chains
(as suggested by Mattsson et al. 2011) and (2) another
population of smaller plagioclase crystals which grew con-
temporaneously with melt migration in the column.

It also is interesting to note that there is a rough correla-
tion between CSD slope and the mean 2D orientation of
plagioclase laths (Fig. 9d). That is, samples with steeper
CSD’s generally display subhorizontally oriented plagio-
clase crystal trends. This is consistent with rapid cooling
(Brugger and Hammer 2010) near the edges of the column.
The flatter CSD trends recorded near the centre of the
column (i.e., slower cooling) are for more steeply oriented
laths. This may be interpreted as fast cooling nearer the
column edges preferentially capturing plagioclase crystals
in place as it was preferentially aligned during emplacement
of the lava flow on a near-horizontal surface (see Smith
2002 and references therein). The internal parts of the col-
umn which cooled more slowly, display flatter CSD trends
and the steeper orientation of laths of these parts of the
column are indicative of internal movement (flow of melt
along the main axis of the column). The textural data from
Hreppholar shows evidence only for unidirectional, upward
flow and therefore we conclude that the CSD and crystal
orientation data is most consistent with the crystallization-
induced melt migration model proposed by Mattsson et al.
(2011).

Origin of the diffuse and sharp banding

The origin of the two types of dark banding (diffuse and sharp)
is not obvious at a first glance. The diffuse bands all show
small but distinct variations in the modal proportions of phe-
nocrysts (e.g., titanomagnetite varies between 4 and 7 modal%
in the bright and dark bands respectively). Targeted micro-
probe analyses of the dark sharp bands, however, points to a
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slightly more evolved composition of the melt. The sharp
bands also contain more vesicles (up to 10 vol.%) compared
with the rest of the column (typically, <5 vol.% vesicles). We
interpret the sharp-edged bands to record contractional crack-
ing during solidification of the column. As the contractional
crack opens, the last liquid from the crystal framework within
the column is squeezed in to fill the void. The magmastatic
pressure in thick lava flows should be sufficient to squeeze the
last remaining liquids into cracks (i.e., 10 bar pressure at 30 m
depth). Since this liquid is also enriched in volatiles compared
with the bulk composition due to crystallization of the
volatile-free phenocryst assemblage at Hreppholar, vesicula-
tion occurs as soon as the liquid enters the contractional crack
(and the lower pressure therein). This interpretation also
explains the crosscutting relationships of the sharper bands
with the diffusive bands.

Additional support for unidirectional melt migration
from AMS measurements

It is clear that the different models proposed to explain the
internal structure in basalt columns all predict relatively
minor variations the chemistry of the column. This also
explains why previous attempts to find systematic compo-
sitional variations have failed (also in this study). We sug-
gest that the most relevant information regarding the genesis
of the internal structures comes from detailed petrographic
studies. The combination of 2D measurements and CSDs
for plagioclase, showing correlated systematic variations
across the column, provides compelling evidence for unidi-
rectional movement of the melt along the long-axis of the
Hreppholar columns. This interpretation is further substan-
tiated in the accompanying paper, which shows the rock
magnetic properties and AMS for the same column we used
for the present study. In the complementary paper, Almqvist
et al. (2012) report a systematic increase in single-domain
titanomagnetite towards the central parts of the Hreppholar
column as well as a significant change in the shape of the
magnetic susceptibility ellipsoid (showing increasingly pro-
late fabric towards the centre of the plate). The paramagnetic
sub-fabric (e.g., olivine and clinopyroxene) varies system-
atically with the observed macroscopic banding in the plate
whereas the principal axis of the ferrimagnetic subfabric
(predominantly titanomagnetite) shows strong grouping
near the vertical axis of the column. The authors interpret
this to reflect vertical melt migration in the last stages of
crystallization of the Hreppholar columns.

The similar and systematic variations across the basalt
column recorded by both the textural analysis (orientation
measurements in combination with crystal size distribu-
tions) and the AMS-measurements (and rock magnetic
properties) strongly suggest melt migration within the inter-
nal parts of the Hreppholar columns.



Bull Volcanol (2012) 74:1645-1666

1665

Conclusions

Our small-scale study of a plate from within a single basalt
column shows that it is virtually impossible to discriminate
between the different models proposed to explain internal
structures in columnar-jointed basalts solely based on petro-
logical and mineralogical variations across the column. There
are, however, subtle variations that can be used to test the
different models. Firstly, the deuteric alteration model can be
completely ruled out for the Hreppholar columns because they
lack the mineral assemblages that are characteristic of alter-
ation (i.e., iddingsite and/or zeolites). The internal structures
of the Hreppholar basalt columns must thus present primary
magmatic features, which are corroborated by the fact that
roughly 20 % of the structures observed in the field along each
meter of the column axes are cut by the column-bounding
fractures (i.e., the joint planes).

The consistent titanomagnetite—ilmenite crystallization
temperatures (i.e., 994+6 °C) across the column are also
difficult to reconcile with the double-diffusive convection
and constitutional supercooling models which both require
distinct differences in chemical composition as well as tem-
perature to drive the processes. If the chemical difference was
mainly due to enrichment of volatiles (such as H,O) due to
crystallization of an anhydrous mineral assemblage in the
central parts of the column, we would expect the late-
crystallizing plagioclase microphenocrysts to be more An-
rich plagioclases. This is not the case at Hreppholar.
Moreover, absence of downwarped material required to main-
tain convective motions are speaking against these hypotheses.

We conclude that the systematic variations of plagioclase
orientations (measured in 2D in a vertical plane) and the crystal
size distributions across the plate are most consistent with the
crystallization induced melt migration hypothesis in which
material flows from deeper parts of the lava flow into the
central parts of the columns in response to the volume decrease
associated with solidification. This melt migration process
occurring within the columns may significantly affect the
cooling rate for columnar-jointed lava flows and intrusions.
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