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Abstract Recent rifting episodes highlight the role of magmatic systems with propagating dikes on crustal
spreading. However, our knowledge of magmatic systems is usually limited to surface observations and
geophysical data. Eastern Iceland allows direct access to extinct and eroded deeper magmatic systems. Here
we collected field structural and AMS (anisotropy of magnetic susceptibility) data on 187 and 19 dikes,
respectively, in the 10–12Ma old Alftafjordur magmatic system. At a paleodepth of ~1.5 km, the extension
due to diking is at least 1–2 orders of magnitude larger than that induced by regional tectonics, confirming
magmatism as the key mechanism for crustal spreading. This magma-induced extension, inferred from the
aspect ratio of the magmatic system, was of ~8mm/yr, lower than the present one. AMS data suggest that
most of dikes have geometrically normal fabric, at least at the margins, consistent with prevalent subvertical
magma flow and propagation.

1. Introduction

Recent rifting episodes in Iceland and Afar highlight the importance of magmatic systems
[Gudmundsson et al., 2014] with lateral propagation of dikes along the rift axis in achieving crustal
spreading [Acocella, 2014; Sigmundsson et al., 2015]. Magmatic systems are crustal portions, tens of
kilometers long and few kilometers wide, where fracturing and faulting are associated with fissural
monogenic mafic eruptions and a central, felsic, or mafic volcano [Gudmundsson, 1995; Ebinger and
Casey, 2001]. Our knowledge of magmatic systems and related rifting processes is usually restricted to
the surface, where geological and geodetic data are collected. In some cases, geophysical information
is available, as for active seismicity during rifting events [Ebinger et al., 2010; Sigmundsson et al., 2015]
or seismic refraction profiles and magnetotelluric data [Brandsdottir et al., 1997; Desissa et al., 2013].
However, in these cases the resolution on the structure of the magmatic systems is much more limited
than that available at the surface. Crucial information on the magma storage and propagation, and its
relationship with regional tectonics, may be obtained in the deeper portion of the magmatic systems.
Eastern and western Iceland provide the rare opportunity to study several extinct and eroded magmatic
systems at a paleodepth of 1–2 km. Here several studies show the occurrence of dike swarms, with
iso-oriented dikes usually decreasing in frequency toward the surface, associated with shallow magma
chambers [Walker, 1958, 1960, 1963; Gudmundsson, 1983, 1995; Helgason and Zentilli, 1985; Paquet
et al., 2007].

This study is aimed at better (1) defining the structural features of the deeper part of extinct magmatic
systems along divergent plate boundaries and (2) unraveling the tectono-magmatic relationships
responsible for the processes operating within magmatic systems. To these aims, we collected field
structural and AMS (anisotropy of magnetic susceptibility) data on dikes in the 10–12Ma old
Alftafjordur magmatic system, eastern Iceland. In eastern Iceland there are five inactive volcanic systems
exposed at a paleodepth of ~1.5 km (Figure 1) [Walker, 1974; Paquet et al., 2007]. These consist of a
thousand subvertical dikes, with mean thickness of 3–4m [Gudmundsson, 1983; Helgason and Zentilli,
1985; Paquet et al., 2007]. Estimated magmatic extensions range from 1% to 12%, decreasing with
altitude [Walker, 1958, 1960; Gudmundsson, 1995; Paquet et al., 2007]. The Alftafjordur magmatic system
is the extinct portion of a 10–12Ma old rift consisting of a central volcano (to the south) and a 30–40 km
long NNE-SSW trending dike swarm (Figure 1) [Moorbath et al., 1968; Walker, 1974; Gudmundsson, 1995;
Paquet et al., 2007].
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2. Methods
2.1. Structural Field Analysis

Structural field data focus on the geometry and kinematics of extension fractures, faults, and dikes. For each
extension fracture and fault we measured attitude, displacement (opening or shear), and frequency; whereas
for dikes we measured the attitude, thickness, flow direction of magma within (using striations, elongated
vesicles or minerals), and frequency. Our measurements focused on four sections of variable length (from
1.5 to 12 km), orthogonal to the swarm trend (1 to 4 in Figure 2a). Here we also calculated the extension
due to diking (sum of the thicknesses of 165 dikes) and that due to faulting (sum of the horizontal throws).
We focused our observations at elevation slightly above the sea level, to avoid any dike frequency variation
due to elevation [Walker, 1974; Gudmundsson, 1983]. We calculated the across-strike variations in dike
frequency along the entire system, including previous results [Gudmundsson, 1995; Paquet et al., 2007]
where needed.

2.2. AMS: Methods and Sampling

AMS data are acquired to infer the magmatic flow direction within dikes. The method allows defining
the preferred alignment of the magnetic grains in the rock, which follow magmatic flow during
dike emplacement. The AMS tensor is geometrically represented by an ellipsoid, with three principal

Figure 1. Extinct magmatic systems in Eastern Iceland (from Paquet et al. [2007]). The black rectangle indicates the area of
Figure 2. Inset indicates the active rift zones in Iceland. The red circle and arrow locate the studied area.
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axes Kmax ≥ Kint ≥ Kmin. The magnetic fabric is usually related to the hydrodynamic forces of magma
flow, and the magnetic lineation is usually consistent with other flow indicators, as vesicles or growth
lineations, whereas magnetic foliation is parallel to the magmatic foliation [Rochette et al., 1999; Cañón-
Tapia, 2004].

Several AMS studies were conducted in eastern Iceland with contrasting interpretation on the magma
flow directions, ranging from subvertical [Craddock et al., 2008; Kissel et al., 2010] to lateral [Eriksson
et al., 2011, 2015]. Here we present a synthesis of the low-field AMS results from 23 sites sampled in
19 dikes to try to define the magma flow propagation of the Alftafjordur dike swarm. We sampled each
dike margin with more detail, measuring the main magnetic parameters (Figure S1 in the supporting
information) and the orientations of the principal magnetic axes of the AMS ellipsoid. The orientation
of magnetic foliations and lineations were used to infer magmatic flow directions. The AMS data were
compared to orientations of minerals from thin section analysis and of field kinematic indicators. In
particular, we performed image analysis of 14 oriented thin sections in four dikes, to compare the
magnetic and mineral fabric, mainly in case of any anomalous (i.e., geometrically inverse fabric) orienta-
tion of the principal magnetic axes. Preferred orientations of phenocrysts (i.e., plagioclase) and opaque

Figure 2. (a) DEM of the studied area showing the location and attitude of dikes and faults. The location of the sections and AMS sampling sites are also shown. The
table at the bottom right shows the comparison between magmatic and tectonic extension for the four cross sections (see text for details). L = length of the section;
S = total thickness of dikes; Rh = horizontal fault throw; Em =magmatic extension; Et = tectonic extension. Rose diagram of directions of (b) faults and (c) extension
fractures of the volcanic system. Rose diagrams of directions, frequency histograms of the dip, and thickness of the dikes proximal to the central volcano (d, f, and g)
and of the dikes belonging to the dike swarm (e, h, and i).
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minerals (i.e., Fe-Ti oxides) were analyzed using INTERCEPT software (see Launeau et al. [2010] for details
on the method).

3. Results
3.1. General Features of the Magmatic System

The ~1 km thick Alftafjordur basaltic lava flow sequence shows a uniform strike at N250°, dipping between 5
and 10°. We recognized 187 dikes in the lava pile, 22 of which belong to the central volcano (as described
by Blake [1969, 1970]) and 165 to the dike swarm (Figure 2b). The main strike of the dikes is NNE-SSW
(72% of data set), with minor directions ranging from N331° to N20° (20% of data set) and from N51° to
N70° (8% of the data set). Most dikes are steeply dipping or subvertical, with mean dip of 76°. Their mean
thickness is 3.2m, focusing in the 0.1–10m range with a maximum value of 20m. Faults are rare (16 in total)
and mostly far from the central volcano (Figure 2c). Their main direction ranges from NNE-SSW to NE-SW
(81% of data set). The fault throws, mainly normal, are usually of 10–100 cm, with the largest vertical throw
of ~40m. The 75 measured extension fractures are mainly NE-SW trending (64% of data set, Figure 2d), with
opening from 0.5 cm to 1m, focusing between 0.5 and 5 cm. The extension fractures were usually found in
proximity of the dikes or the largest fault systems, with limited vertical extent. We anticipate that we could
not establish any origin due to tensional (i.e., plate pull) processes.

3.2. The Alftafjordur Central Volcano

In the proximity of the Alftafjordur Central Volcano, the lava pile is often interrupted by ~1m thick greyish
ignimbrites, testifying an explosive activity of the central edifice. Dikes often intrude both the lavas and
the greyish ignimbrites. We measured 22 dikes, with scattered strike and mean dip of 63° (Figures 2e and 2f).
Their thickness ranges between 0.25 and 3m, with a mean of 1.7m and a maximum value of 5m (Figure 2g).
The best outcrops (Kambar shoreline) allow distinguishing two systems of dikes (henceforth called FG and SG)
emplaced at different times: an older, NNE-SSW oriented system (FG), represented by thicker (mean of 2.6m)
and steeper dikes (mean dip 80°) and a younger, NNW-SSE oriented system (SG), represented by thinner
tangential dikes (mean of 0.7m) with lower dip (mean 42°), both inward and outward dipping, and thus
resembling cone sheets and ring dikes. The extension fractures (40 data) show a main NE-SW direction, whereas
no normal faults are observed.

3.3. The Dike Swarm

Along the dike swarm, we measured 165 dikes with main NNE-SSW direction (72% of data set), high dip
(between 64° and 90°), and mean thickness of 3.4m (Figures 2h–2j). To analyze the dike frequency variation
along the strike, we merged our observations with previous results [Gudmundsson, 1995; Paquet et al., 2007],
where the number of dikes across the swarm has been counted in the Alftafjordur, northern Hamarsfjordur,
and southern Berufjordur areas. To cover the entire swarm length, we created two additional profiles in
southern Hamarsfjordur and northern Berufjordur (Figure 2a). Moreover, where the swarm is partly offshore
(sections A and B; Figure S2), we extrapolated the offshore frequency of dikes across the section, in order to
cover the entire swarm width. For this, we assumed that along a profile the dike frequency per unit length in
the offshore portion is the same as that in onshore portion, so that the number of offshore dikes is
proportional to the offshore profile length. Therefore, we used five cross sections with similar length
(10 ± 1 km, corresponding to the width of the dike swarm), located at sea level (maximum dike frequency;
[Walker, 1960]) and progressively farther from the volcanic center (Figure S2). The resulting dike frequency
in the profiles along the swarm ranges from 66 (section B, 14 km from the central volcano) to 122 dikes
(section D, 22 km from the central volcano).

Across strike, the dike frequency (Figure S3) increases toward the axis of the magmatic system, showing an
overall symmetrical pattern. The faults also focus in the areas with the highest dike frequency. The largest
fault, with throw of ~40m, NNE-SSW trending, and 60° dipping, is located in section 4 (see Figure 2a),
~28 km from the volcanic center (Figures S4a, S4c, and S4d). Three dikes are found in the damage zone of
the fault, associated with secondary fault planes with normal motion (Figure S4b). The dikes are not faulted
and are less fractured that the host rock, suggesting that they intruded at a later stage, after fault nucleation.
The 35 extension fractures show a main NNE-SSW direction (54% of the data set) and a more scattered
distribution for the rest of the data.
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Dike thicknesses and fault horizontal throws along each of the four cross sections were used to calculate
the percentage of extension due to diking (Em) and faulting (Et), respectively (Figure 2a), using the
following equations:

Em ¼ S
L
�100 (1)

Et ¼ Rh
L

�100 (2)

where S is the total dike thickness in meters, Rh is the total horizontal fault throw inmeters, and L is the length
of the section in meters. We obtained Em values of 3%, 1.20%, 1.41%, and 4.02% (±1.30) and Et values of
0.03% and 0.17% (table in Figure 2 for details).

3.4. Kinematic Indicators of Magma Flow Within Dikes

Kinematic indicators, such as slickenlines (due to the flow of magma at the contact with the host rock),
elongated vesicles, and minerals, have been recognized on seven dikes sampled for AMS analysis (Table S1).
Their orientation is consistent with a subvertical flow for three dikes (AL01, AL24, and AL26) of the dike swarm
and a subhorizontal flow for four dikes (AL03, AL04, AL05, and AL06) related to the central volcano.

3.5. Magnetic and Petrofabric Data

The mean susceptibility (Km) values for the investigated dikes are generally high, ranging from 18 × 10�3 to
107 × 10�3 SI, with an average of 59 × 10�3 SI (Figure S1). These high values indicate that the magnetic signal
is dominantly carried by ferrimagnetic minerals. The AMS ellipsoids have a prolate shape in most of the dikes
from the dike swarm, with a gradual variation from oblate to prolate shapes from themargin to the inner part
[Tarling and Hrouda, 1993]. This shape variation is also accompanied by a variation in the anisotropy degree

(Pj ¼ exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnKmax � ηð Þ2 þ lnKint � ηð Þ2 þ lnKmin � ηð Þ2
h ir

where η ¼ lnKmax þ lnKint þ lnKmin
3 defined as [Jelinek,

1981], Figure S5). The samples from the margin have Pj values common for magmatic rocks (from 1.006 to
1.044), whereas those from the inner part have significantly higher Pj values (from 1.109 to 1.379,
Figure S5). In some cases, a typical parabolic shape of the Pj profile is present along sections transverse to
the dike plane.

Three dikes have a geometrically normal magnetic fabric with subvertical Kmax axes (Figure 3a); however, a
geometrically inverse magnetic fabric, given by Kmax axes orthogonal to the dike margins and Kmin axes
subvertical in the dike plane, prevails in 20 dikes. The difference between the geometrically inverse and
normal fabric is a switch between Kmax and Kmin axes. When both cases are observed within the same dike,
the fabric is geometrically normal along preserved dikemargin Kmax, whereas it is geometrically inverse in the
inner part of the dike. The Kint axes are roughly subhorizontal oriented along the dike plane and often not
well clustered (Figure 3). A similar mixture of inverse and normal magnetic fabrics was observed also in dikes
from the nearby Reydarfjordur dike swarm [Kissel et al., 2010].

Figure 3. Examples of AMS data from the dike swarm. (a) AMS data from the dike swarm with normal magnetic fabric and subvertical Kmax. (b) AMS data from the
dike swarm, with Kmax oriented at high angle along the margins and at low angle in the inner part of dikes. (c) AMS data from dike with bimodal flux orientations,
parallel to the dike for samples along the margins and orthogonal to the dike in its inner part.
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Dikes showing the switch between Kmax and Kmin have been further investigated by image analysis from thin
sections. Some representative core samples were cut along the plane parallel Kmax and Kmin to identify
which axis is representative of the preferred orientation of the minerals. While no preferred orientation in
phenocrysts or opaque minerals is observed in the inner part of the dike, a petrofabric characterized by pre-
ferred orientation of phenocrysts (e.g., plagioclase) is preserved at the dike margins (as dike AL27 in Figure 4).
This subvertical preferred orientation of the phenocrysts parallel to the Kmax axes (Figure 4) indicates that, in
the case of geometrically normal magnetic fabric, Kmax axis is the magmatic flow indicator. In the inner part of
most of these dikes, we found a different mineral texture, without preferred orientation of both phenocrysts
and opaque minerals (see Figure 4). This behavior is typical of dikes (i.e., AL17, AL22, and AL27) where we
observe a progressive migration of Kmax from vertical to horizontal orientations, from the margin to the inner
part. This suggests that, when preserved, the dike margins record the primary magmatic flow with Kmax axis
oriented parallel to the preferred orientation of phenocrysts and opaque minerals, as observed in other cases
(e.g., [Tauxe et al., 1998]). This orientation is generally subvertical, consistently with field indicators (Table S1).
In the inner part of the dike, there is a reorganization of the phenocrysts and opaque minerals along subhor-
izontal orientations orthogonal to the dike plane, which does not reflect the original magma emplacement.
This fabric could reflect secondary processes producing horizontal readjustment of grains due to lithostatic
pressure or during magma cooling stage [Mattsson et al., 2011; Almqvist et al., 2012]. The origin of this
geometrically inverse fabric will be discussed elsewhere.

4. Discussion and Conclusions

The dikes proximal to the central volcano, with scattered strike, consist of two generations, with steeper and
thicker regional dikes (FG) predating the cone sheets and ring dikes (SG). Conversely, the dikes belonging to
the swarm show a consistent NNE-SSW strike. This distribution may result from the stress variations in the
different portions of the volcanic system. In the proximal areas, a local stress field favors a tangential distribu-
tion of the dikes, which cut preexisting regional dikes, as commonly observed in active volcanoes. In the distal
areas, the dike distribution reflects the far field stress (with a WNW-ESE trending σ3). This bimodal distribution
supports existing models on magmatic systems, with ring dikes and cone sheets close to the central volcano
and regional dikes along the axis [Gudmundsson, 1995, 2006].

Figure 4. Synthesis of magnetic and petrofabric data along the margin and the inner part of a dike with normal and inverse fabric. (a) Schematic representation of
the dike AL27 with sample distribution. (b) Distribution of plagioclase and opaque grains in three thin sections, obtained from themargin to the inner part of the dike
AL27. The sections were cut along a plane containing Kmax and Kmin. The roses of direction for each phase are sketched below, together with Kmax and Kmin
orientations. The preserved margin records a primary fabric with a subvertical magma flow direction, whereas the inner part presents an inverse fabric related to
secondary processes (see the text for details).
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The crustal extension due to diking in sections 1 to 4, along the magmatic system, is of 3%, 1.20%, 1.41%, and
4.02% (±1.3), respectively, with a mean value of 2.41%. This is slightly different from what was previously
reported, as a mean value of magmatic extension of 5.5% (based on 90 dikes in a single profile)
[Gudmundsson, 1995], or between 1.036% and 1.046% (sections A and D, respectively, in Figure S2 [Paquet
et al., 2007] which face sections 1 and 4 of the present study), or the averagemagmatic dilation of 5-6% along
4 profiles in NW Iceland [Gudmundsson, 1984]. These discrepancies are explained by the different values of
L in equation (1): the clustering of the dikes toward the rift center (Figure S3) affects the calculation of the
extension when the length of the section includes the system edges.

The extension due to diking, calculated on the four sections far from the central volcano (Figure 2a) is at least
15 times higher than that due to faulting, confirming that at ~1.5 km depth, 95% of crustal extension is
accommodated through diking, with negligible role of faulting [Helgason and Zentilli, 1985]. The recognized
faults are mainly located in areas with the highest dike density. This suggests that either a similar mechanism
affects tectonic and magmatic activity along the axis of the magmatic system or that the faults may be dike
induced [Acocella, 2014, and references therein].

The aspect ratio of the Alftafjordur volcanic system (width/length, measured perpendicular and parallel to
the rift axis, respectively) is ~0.29, which, compared against available current spreading rates for divergent
plate boundaries (error <28%), suggests a much smaller paleo-extension rate, in the order of ~8mm/yr
[Acocella, 2014, and references therein]. This value is in agreement with previous estimates based on radio-
metric data [Mussett et al., 1980] and significantly lower than the present one in the central part of the eastern
volcanic zone of Iceland, of ~16mm/yr [Perlt et al., 2008]. This suggests that crustal spreading in this portion
of Iceland may have been significantly slower during the development of the Alftafjordur volcanic system
(estimated at 10–12Ma).

Considering a mean total thickness of the dikes S~102m along each section of the magmatic system, as well
as a mean spreading rate of ~8 mm/yr, one gets 1.25 × 104 years as the time required to develop the mag-
matic system. This is roughly consistent with previous estimates, of 104 years or slightly less, on the activity
of major grabens within magmatic systems, as at Thingvellir (Iceland), Dabbahu (Afar), and Fantale (Main
Ethiopian Rift), or 1 order of magnitude smaller than estimates of the entire life span of magmatic systems
(0.3Ma), from inception to extinction, along the Reykjanes Ridge [Acocella, 2014, and references therein].

The along-strike dike frequency slightly increases with distance from the central volcano (i.e., from the sup-
posed magma chamber, Figure S2). This implies that at least at this depth, not all the dikes may propagate
laterally, as suggested by recent rifting episodes [Wright et al., 2006; Buck et al., 2006; Sigmundsson et al.,
2015]. Kinematic field indicators (Table S1) and vertical Kmax orientation of the dike margins further support
a prevalent subvertical propagation of magma in the dike swarm. This fabric has been also recognized in
other basaltic dike swarms in Iceland (see Kissel et al. [2010]), suggesting that regional dikes are preferentially
emplaced in subvertical or inclined flow. Lateral flow may be more common close to the central volcanoes
and associated magma chambers, as also suggested by previous studies [Gautneb and Gudmundsson,
1992; Paquet et al., 2007; Eriksson et al., 2015]. The inner part of the dikes shows an anomalous (i.e., geome-
trically inverse) fabric which, in the Reydafjordur region, had been attributed to large Ti-rich magnetite grains
formed during the slower cooling process within the dike [Kissel et al., 2010]. Secondary processes at depths
of 1–2 km may also be responsible for a partially or totally overprint of the primary fabric, as chemical altera-
tions with different zeolite facies in dikes and lavas of Eastern Iceland, due to postemplacement hydrother-
mal circulation [Walker, 1960]. These fabrics are probably not very informative in terms of magma flow,
conversely to those along the dike margins.

Concluding, our study suggests that (1) local variations in the stress field affect dike emplacement in the
magmatic system, being the proximal dikes tangential and the distal dikes parallel to the rift axis
(NNE-SSW trending); (2) crustal spreading in eastern Iceland at 10–12Ma was slower than present; (3)
the crustal extension, at ~1.5 km of depth, is mainly achieved through diking; and (4) even though recent
rifting episodes suggest a lateral magma propagation, a prevalent vertical propagation away from the
central volcano, between 1 and 2 km depth, is inferred, consistently with previous results [Kissel et al.,
2010]. These results have implications for active crustal spreading along slowly extending divergent plate
boundaries, confirming the fundamental role of magmatism (diking), with complex (vertical and horizontal)
magma transfer.
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