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Abstract—This study performs a reanalysis of the seismicity

recorded during the 1996 Gjálp eruption that occurred at NW

Vatnajökull, Iceland. The seismicity was recorded by the tempo-

rary HOTSPOT network consisting of 30 three-component

broadband stations. In total 301 events were identified between 29

September and 12 October and their phases were manually picked.

A velocity model was estimated from P-phase travel times by using

VELEST. Events were first located using the algorithm NON-

LINLOC in order to obtain absolute locations. Precise relative

locations were obtained with HYPODD by utilizing catalog and

cross-correlation differential travel times. Results show that events

clustered first along the SW rim of the Bárðarbunga caldera and

later along the Gjálp fissure, with most hypocentral depths located

between 3 and 8 km. Waveforms of the 10 largest events that

followed the Bárðarbunga earthquake were inverted in order to

obtain moment tensors. For all events we found that the deviatoric

moment tensor fits the data better than pure double-couple or full

moment tensor solutions. Events along the Bárðarbunga caldera

exhibited reverse focal mechanisms, while those at the Gjálp fissure

exhibited mostly strike-slip faulting. Seismic velocity variations

calculated using ambient noise interferometry, point to the possi-

bility that a small subglacial eruption occurred at Bárðarbunga

before the main earthquake. This removed melt from the magma

chamber causing its roof to collapse, and also resulted in the lateral

migration of magma towards the Gjálp fissure. The 2014–2015

Bárðarbunga–Holuhraun eruption shares common characteristics

with the 1996 Gjálp eruption, although the size of the latter was

much smaller.

Keywords: Gjálp, Bárðarbunga, Vatnajökull, eruption, seis-

micity, Iceland.

1. Introduction

Iceland was created as a result of the interaction of

the Mid-Atlantic Ridge and a mantle plume that is

currently located beneath the central part of the island,

extending down to a depth of 400 km within the mantle

(Tryggvason et al. 1983; Wolfe et al. 1997; Shen et al.

1998). This interaction is responsible for much of the

observed volcanic activity in Iceland, as manifested by

the existence of more than 30 active volcanoes

(Thordarson and Larsen 2007). Volcanism is focused

on three axial rift zones that correspond to the main

sites of active spreading (Fig. 1). Each of these zones

encompasses a number of volcanic systems and each of

these systems consist of a central volcano as well as a

transecting fissure swarm. Most of the fissure swarms

have widths of 10–20 km, lengths of 50–100 km and

they are usually associated with one or more central

volcanoes. Eruptive activity in these volcanoes is

maintained by a long-lived plumbing system and their

overall architecture is determined by the type of

magma erupted and the environmental setting (either

subglacial or subaerial) where such an eruption occurs

(Thordarson and Larson 2007).

Vatnajökull glacier, located in the central part of

Iceland, occupies an area of about 8100 km2 and the

average thickness of its ice is in the order of 380 m

(Björnsson 1988) (cf. Fig. 1). Underneath the glacier

lie several volcanic systems and two of them, namely

Bárðarbunga and Grimsvötn, have been by far the

most active during historical times (Björnsson and

Einarsson 1990; Björnsson and Gudmundsson 1993).

Grimsvötn is Iceland’s most active volcano with 75

known eruptions in the last 1100 years (Larsen 2002)

while it also exhibits high geothermal activity.

Eruptions associated with Grimsvötn are often
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associated with jökulhlaups, a type of glacial outburst

flood that occurs when high heat transfer rates pro-

duce large volumes of meltwater. In contrast,

Bárðarbunga has erupted 26 times in the last

1100 years (Gudmundsson and Högnadóttir 2007)

with the most recent eruption occurring in

2014–2015. This eruption, also known as Bárðar-

bunga–Holuhraun eruption, started with the lateral

injection of melt from the Bárðarbunga magma

chamber first towards the SE and later along a NE–

SW oriented dike, leading to the collapse of the

magma chamber roof (Gudmundsson et al. 2014; Riel

et al. 2015; Sigmundsson et al. 2015; Gudmundsson

et al. 2016; Ágústsdóttir et al. 2016; Ruch et al.

2016). Within a few days the dike propagated outside

the Vatnajökull glacier and reached the surface in the

area of Holuhraun. Bárðarbunga has also been the site

of unusual seismic activity that started occurring

around the volcano since 1973 initially in the form of

small magnitude (ML * 3.9) earthquakes (Bjarnason

2014). The first moderate event (Mw 5.4) occurred in

1977 and it was followed by a series of moderate to

large events that exhibited highly non-double-couple

focal mechanisms and vertical T-axes (Nettles and

Ekström 1998).

(a)

(b)

Figure 1
a Map of Iceland depicting the main rift zones, their central volcanoes and the location of the HOTSPOT seismic stations. Gray shaded areas

represent rift zones, solid lines represent caldera outlines while dashed lines indicate the extent of central volcanoes. Thick solid lines

represent large fracture zones. White areas are permanent glaciers, the largest of them being Vatnajökull in the center. HOTSPOT stations are

shown as black circles with a number which corresponds to the code of each station. The rectangle provides a border for the area of NW

Vatnajökull where Bárðarbunga and Grimsvötn volcanoes are situated. The inset b at the lower right corner gives an enlarged map of this area

and the red line shows the extent of the Gjalp fissure on the ice after Gudmundsson et al. (1997) (Tf: Tungnafellsjökull, Bb: Bárðarbunga, Gv:

Grimsvötn)
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On 30 September 1996 an eruption occurred in

the area between Bárðarbunga and Grimsvötn,

forming a 7 km long fissure on the ice which was

given the name ‘‘Gjálp’’ (Gudmundsson et al. 1997).

The Gjálp eruption was preceded one and a half days

before by an earthquake with moment magnitude 5.6,

located at Bárðarbunga, followed by numerous

smaller events and volcanic tremor until 12 October

(Konstantinou et al. 2000). The eruption produced a

large volume of meltwater that drained underneath

the glacier towards the south coast, generating a

catastrophic jökulhlaup in early November. Earlier

studies of the Gjálp eruption had focused on the

Bárðarbunga earthquake source properties (Nettles

and Ekström 1998; Zobin 1999; Konstantinou et al.

2003; Tkalčić et al. 2009; Fichtner and Tkalčić 2010),

the source characteristics of volcanic tremor (Kon-

stantinou 2002), or presented a preliminary analysis

of the seismicity (Einarsson et al. 1997; Konstantinou

et al. 2000). However, modern seismological tech-

niques in the areas of earthquake location and in the

detection of eruption precursors have since been

developed that could be applied to data from past

eruptions. Having this in mind, we reanalyze the

seismicity recorded during the Gjálp eruption in order

to obtain a better understanding of its physical

mechanism. First, we give a brief description of the

available dataset and how we derived an optimum

velocity model that can be used for earthquake

location. We then obtain relative locations by using

catalog as well as cross-correlation differential travel

times and derive moment tensors of events by

inverting three-component waveforms. Ambient

noise interferometry is used in order to calculate

seismic velocity variations in an effort to detect

changes prior to the onset of the eruption. Finally, we

discuss our results and compare them to the seis-

micity observed during the 2014–2015 Bárðarbunga–

Holuhraun eruption for the purpose of extracting

conclusions about the physical mechanism of erup-

tions beneath the Vatnajökull glacier.

2. Data

The data utilized in this study was recorded by the

HOTSPOT temporary seismic network that was

installed in the summer of 1996 in Iceland as a joint

project of the Icelandic Meteorological Office,

Princeton and Durham Universities and the United

States Geological Survey (cf. Fig. 1). The primary

aim of HOTSPOT was to collect data that would be

used for the tomographic imaging of the mantle

plume beneath Iceland (Pritchard 2000), therefore the

network had good azimuthal coverage in the area

around the Vatnajökull glacier. In total 30 stations

were installed and each of them was equipped with a

three-component sensor (either CMG-3T, CMG-40T,

or CMG-3ESP) recording continuously at an interval

of 20 samples per second. During the main phase of

the Gjálp eruption (29 September until 12 October)

all of the HOTSPOT stations were operational except

from HOT11, HOT20, HOT26 and HOT30. Initially,

waveforms were visually inspected in order to iden-

tify earthquakes that were recorded by at least

5 stations distributed around the site of the Gjálp

eruption. A necessary condition for including an

earthquake in our dataset was to observe clear P-/S-

phases at station HOT23. This station was the closest

station to the eruption site and recorded continuously

without interruption until 12 October. This procedure

yielded a total of 301 earthquakes whose P- and

S-phases were manually picked and initial locations

were obtained by using the velocity model of Bjar-

nasson et al. (1993) that was derived from the results

of the ICEMELT experiment.

3. Estimation of Optimum Velocity Model

The quality of earthquake locations depends

heavily on the proper choice of velocity model,

therefore we used the package VELEST (Kissling

1995) in order to obtain a minimum 1D velocity

model with station delays. A minimum 1D model can

be defined as the velocity model that produces the

smallest possible location error for a set of events

(Kissling et al. 1994). VELEST attempts to solve

both for the hypocenters and the most appropriate

velocity model for a given set of earthquakes by

inverting their corresponding travel times. The min-

imum 1D model found after any single VELEST run

depends on the initial model from which the search

begins. Therefore to avoid being trapped at a local
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minimum a series of runs using different initial

models is needed. Data used for the computation of

the minimum 1D model should be of high quality and

sample the target region evenly. In this study, the

selection process was based on three criteria: (a) an

azimuth gap of less than 120�, (b) at least 6 P-phase

observations, and (c) an RMS residual of less than 0.5

s. A total of 98 events from the original dataset

conformed to the aforementioned criteria and their

travel times were subsequently used in the inversion.

A family of 180 initial models was constructed by

using the IASPEI91 model as a base and randomly

perturbing the values of the P-wave velocities each

time. The thickness of each layer was set to 2 km

above the depth of 20 km, while below this we added

two layers with 5 km thickness. We opted for

inverting only the P-wave travel times, since S-pha-

ses were not only fewer in number, but were also

associated with higher picking uncertainties.

Figure 2 shows the 180 initial models along with

the final model that exhibited the smallest RMS

residual. The velocity model is well-constrained from

about 5 km down to 15 km, as a result of almost

vertical rays sampling the former depth, and too few

rays propagating beyond the latter depth. We carried

out tests for the purpose of assessing the quality and

stability of this minimum 1D velocity model. First,

we shifted the initial hypocentral locations randomly

in each direction by 5 km before using them as input

to VELEST. The reasoning behind such a test is that

if the proposed model is indeed a robust minimum in

the solution space, then there should be no significant

changes in the locations after the inversion. We find

that all events are relocated less than 1 km from their

original positions. The second test has to do with the

relationship of station delays with the surface geol-

ogy, in the sense that the positive/negative values of

station delays should reflect the near-surface velocity

structure. Station delays are calculated relative to a

reference station whose installation site is well-

known in terms of near-surface geology. Station

HOT23 installed on a lava outcrop, was chosen as the

reference station since it is located in the center of the

network and has recorded the largest number of

P-phases. We observe positive delays at stations

HOT12, HOT13, HOT21, and HOT29 that are

installed on hyaloclastite and/or sediment deposits

(Fig. 3). On the other hand, all other stations that lie

on basic and acidic lavas exhibit a variable amount of

negative delay. Table S1 in the supplementary

material gives a list of calculated delays per HOT-

SPOT station.

4. Earthquake Relocation

For obtaining absolute locations of the Gjálp

eruption events we employed the package NON-

LINLOC which solves the earthquake location

problem by using a nonlinear probabilistic algorithm

(for details see Lomax et al. 2000, 2009). The Oct-

Tree sampling algorithm (Lomax and Curtis 2001)

was utilized as the nonlinear search method; it applies

a recursive subdivision and sampling of cells in 3D

space. The minimum 1D Vp model derived previ-

ously was used in order to calculate theoretical travel
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Figure 2
Diagram showing P-wave velocity as a function of depth for initial

and the final velocity model inverted using VELEST. The gray

lines represent 180 initial models whose velocities where randomly

perturbed (see text for details). The black line indicates the final

model with the lowest RMS residual that is compared to the 1D

velocity model of Bjarnasson et al. (1993)
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times along a regular grid by utilizing the finite dif-

ferences algorithm of Podvin and Lecomte (1991).

A Vp/Vs ratio equal to 1.78 was assumed for the

calculation of the S-wave travel times, which is

consistent with the results of Allen et al. (2002) and

Green et al. (2017) for the Icelandic crust. The

resulting absolute locations of the 301 events have

relatively well-constrained epicenters with average

horizontal uncertainties of 3.87 km (± 3.67 km) and

average RMS residual of 0.21 s (± 0.27 s). The

vertical uncertainty of the absolute locations, how-

ever, was quite significant (typically larger than

4 km) for the majority of the events.

The epicenters form several clusters, some of

them along the Bárðarbunga caldera and one elon-

gated cluster between Bárðarbunga and Grimsvötn

that partly coincides with the site of the Gjálp fissure

(Fig. 4). In order to investigate the temporal variation

of the earthquake locations we plot in Fig. 5 the

latitude of each location against the event origin time

for the whole study period (29 September–12 Octo-

ber). Based on this diagram and the locations map, it

can be clearly seen that shortly (* 160 min) after the

Bárðarbunga main event its aftershocks delineated

the SW caldera rim of the volcano and then activity

migrated to the SE of Bárðarbunga forming initially a

small cluster of events. The next day (30 September)

events started occurring at the same cluster and

slowly migrated towards Grimsvötn along a SW

direction, with some of them being located inside the

Grimsvötn caldera. On 1 October the eruption broke

through the ice and became subaerial, forming the

7 km long Gjálp fissure; seismicity during this day is

concentrated around the fissure with few events also

located near the Bárðarbunga caldera. The next few

days events were occurring both near the fissure area

Figure 3
Map of the HOTSPOT stations superimposed on the rift zones of Iceland, describing the spatial variation of P-phase delay as estimated by

VELEST. Different symbols represent different surface geology at each station site as seen in the legend. Station HOT23 is shown as a yellow

star, since it was selected as the reference station. All other symbols are the same as in Fig. 1
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and along the Bárðarbunga caldera, while towards the

end of the study period (5–12 October) a small

number of events was located in the Tung-

nafellsjökull volcanic system. The latter activity is

consistent with InSAR observations of crustal defor-

mation at Tungnafellsjökull during the same period

that was interpreted as slip along pre-existing faults

(Pagli et al. 2007).

We further employed the double-difference algo-

rithm (Waldhauser and Ellsworth 2000), or

HYPODD, in order to obtain more precise relative

locations. The algorithm adjusts the difference in

hypocentral locations for pairs of earthquakes by

minimizing their observed and theoretical travel time

difference at each station. HYPODD can handle dif-

ferential travel times calculated from both catalog

observations and from waveform cross-correlation.

We first calculated catalog differential travel times

for pairs of earthquakes that were separated by a

distance of less than 5 km. Cross-correlation differ-

ential travel times were also calculated for a tapered

2 s window around the picked P-phase and after

Figure 4
Map showing the absolute locations of 301 events that were identified during the 1996 Gjálp eruption and obtained by using NONLINLOC

and the minimum 1D velocity model with station delays. Event locations are shown as dots having a color that follows the scale at the right of

the plot, signifying the different days that the eruption was occurring. The red star represents the Bárðarbunga main event that occurred on 29

September (10:48 UTM). The thick yellow line corresponds to the Gjálp fissure. All other symbols are the same as in Fig. 1
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lowpass filtering the waveforms with a corner fre-

quency of 5 Hz. Two waveforms were considered

similar only if they exhibited a cross-correlation

coefficient of 0.75 or higher. We utilized again the

minimum 1D velocity model with a Vp/Vs ratio of

1.78 in order to calculate theoretical differential tra-

vel times. According to Waldhauser (2001) a two-

step weighting scheme should be applied, where in

the first step catalog differential times get a higher

weight and in the second step they are down-weigh-

ted relative to the cross-correlation differential times.

This scheme ensures that the relative position of each

cluster is first constrained, before constraining the

locations of close-by events within each cluster.

HYPODD offers two ways in order to solve the linear

system of double-difference equations, namely the

LSQR (conjugate gradients) and SVD (singular value

decomposition) method. SVD provides accurate

estimates of uncertainties at the cost of being more

computationally demanding as the number of events

increases. Since the total number of our events does

not exceed 301, we opted for using the SVD method

for the relocation.

From the initial 301 events, HYPODD finally

relocated 192 of them with horizontal relative

uncertainties that do not exceed 1 km and RMS

residuals of less than 0.2 s for the majority of the

events (Fig. 6). Vertical relative uncertainties were

found to be smaller than 1.2 km for the majority of

the events (cf. Fig. 6). Figure 7 shows a map of the

relative locations obtained as a function of the

hypocentral depth for each event. The general pattern

seen in the absolute locations can be also observed

here, with events clustered at the SW rim of the

Bárðarbunga caldera and around the site of the Gjálp

fissure. Figure 8 shows a depth cross-section across

the Bárðarbunga caldera and two cross-sections

along/across the elongated cluster in the Gjálp fissure.

The majority of the events are located between 3 and

8 km depth (relative to sea level), with the latter

depth being consistent with estimates of melt depth in

NW Vatnajökull of 8–12 km (Gudmundsson et al.

2016; see also Fig. 1 of Hudson et al. 2017). Cross-

section A–A0 uses a width of 2.4 km in either side of

the profile to project hypocenters on the vertical plane

in order to allow a clearer view of their depth dis-

tribution, especially in the area near the SW caldera

rim. The main event that preceded the eruption is

relocated at 4 km depth in accordance with previous

studies (Konstantinou et al. 2003; Tkalčić et al. 2009;

Fichtner and Tkalčić 2010). Furthermore, the events

that cluster at the rim of the caldera appear to become

deeper along the SW direction. Table S2 in the sup-

plementary material contains the relative locations

and uncertainties for the 192 events relocated by

HYPODD.

5. Moment Tensor Inversion

The Bárðarbunga main event has been studied in

detail by several authors (Nettles and Ekström 1998;

Konstantinou et al. 2003; Tkalčić et al. 2009; Ficht-

ner and Tkalčić 2010) who concluded that its source

is characterized by a large CLVD component and

(like previous earthquakes at Bárðarbunga) it also

exhibited a vertical T-axis. In this work, we also

undertake a study of the source characteristics of the

smaller earthquakes that followed after the Bárðar-

bunga main event. In order to do this we use a linear,

time-domain inversion method described by Her-

rmann and Ammon (2002) for deriving the double-

couple, deviatoric and full moment tensor solution of

each event. The instrument response was first

deconvolved and the horizontal components were

rotated into radial and transverse with respect to the

HYPODD location of each event. Waveforms were

Figure 5
Diagram that shows the variation of NONLINLOC location latitude

versus time for all the events. The red star represents the main

Bárðarbunga earthquake that initiated the sequence. Lower x-axis

gives absolute time while upper x-axis depicts calendar dates. Tf:

Tungnafellsjökull, Bb: Bárðarbunga, Gf: Gjálp fissure, Gv:

Grimsvötn
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filtered in the passband 0.05–0.08 Hz using a two-

pole Butterworth filter. Green’s functions were cal-

culated by using the method of wavenumber

integration and by employing the minimum 1D

model for approximating the shallow crustal struc-

ture. Once computed, the Green’s functions were

filtered in the same way and aligned with the

observed data. Inversions were performed for the

depth range of 1–10 km with a step of 1 km and the

moment tensor at the depth with the highest fit was

considered as the final result.

We use the Bárðarbunga main event as a test case

in order to ascertain whether the inversion approach

described earlier can successfully reproduce its

source characteristics. We indeed obtain a reverse

faulting mechanism with almost vertical T-axis and a

deviatoric moment tensor that is dominated by a

CLVD component of 65% as found in previous

studies (see Table 1). An intricate property of this

event is the lack of a significant isotropic component,

despite the fact that it occurred in a volcano setting

prior to an eruption (e.g., Tkalčić et al. 2009). It is

well-known that models with more parameters (such

as the full moment tensor) will fit the data better than

models with fewer parameters (such the deviatoric

moment tensor or a double-couple). However, this

better fitting has to be confirmed statistically through

the use of an F-test where its null hypothesis states

that the variances of the fit of the two models are not

significantly different. We perform the F-test for the

Bárðarbunga main event following the procedure

described in Templeton and Dreger (2006), who

define the F statistic as the ratio of fit variance of the

two models with each variance normalized by the

number of uncorrelated data. In this way we find that

at a confidence level of 95% the deviatoric moment

tensor fits better than a double-couple solution, but

the full moment tensor does not fit the data
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d RMS residuals of all relocated events. The numbers at the upper right corner of each plot give the average and standard deviation of each

distribution
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significantly better than the deviatoric one (i.e. the

isotropic component is not significant).

Following the same procedure as for the Bárðar-

bunga main event, we inverted waveforms of 10

smaller events that contained energy in the lower

frequencies (\ 0.08 Hz). Three-component wave-

forms recorded at 4–6 stations were utilized for the

majority of the events, providing a good azimuthal

coverage around the NW part of Vatnajökull. The

F-test at 95% confidence level concludes that the

deviatoric moment tensor fits better the data than a

simple double-couple solution and that the isotropic

component is not statistically significant for all

events. Tables 1 and 2 summarize the moment tensor

and F-test results, while plots of observed and syn-

thetic waveform fits for all events can be found in the

supplementary material that accompanies this work

(Figs. S1–S11). As it can be seen in Table 1 all of the

studied events exhibit a CLVD component that ran-

ges from 43 to 58%. While this component is

statistically significant, there is uncertainty as to

whether it can be interpreted in terms of physical

processes related to the volcanic activity. The reason

for this is that large CLVD components may repre-

sent inversion artifacts generated by a combination of

factors such as propagation effects not properly

accounted for, limited number of nearby stations, or

noise contamination (e.g., Panza and Saraò 2000). In

our case all three of these factors are present: the 1D

model we derived only crudely approximates the

strongly heterogeneous Icelandic crust, most of our

available stations are more than 100 km away, and

the small magnitude of the events results in smaller

recorded amplitudes that are susceptible to noise

contamination. We therefore refrain from interpreting

the CLVD component of the smaller events and

rather focus our attention on the double-couple part

of the solutions. Figure 9 depicts the epicentral

locations of these events along with their corre-

sponding beach balls. It can be seen that earthquakes

located at the SW rim of the Bárðarbunga caldera

display reverse focal mechanisms very similar to the

main event and only the strike of the nodal planes

appears to be varying. On the other hand, the events

that are located near the Gjálp fissure exhibit mech-

anisms that are either strike-slip or have a large

strike-slip component.

6. Ambient Noise Interferometry

Fichtner and Tkalčić (2010) performed a finite-

fault inversion for the Bárðarbunga main event and

concluded that in terms of kinematics the caldera

moved downwards as one block, hence causing the

rupture of an outward-dipping ring fault. However,

such a caldera drop could only occur if some quantity

of melt had left the magma chamber earlier than that.

The authors speculated that a small subglacial erup-

tion probably occurred prior to the Bárðarbunga main

event but went on unnoticed. Analytical modeling of

caldera collapse shows that for a deep ([ 7 km) sill-

like magma chamber, such as the one below

Bárðarbunga, only a small percentage (\ 5%) of melt

needs to evacuate the chamber in order to trigger a

collapse (see Martı́ et al. 2000). There are two indi-

cations that such a scenario is plausible: (a) harmonic

tremor started being recorded at HOT23 on 28

Figure 7
Map showing the relative locations of 192 events obtained by

applying the HYPODD algorithm to catalog and cross-correlation

differential travel time data. Event locations are shown as dots

having a color that follows the scale at the lower left corner which

signifies the hypocentral depth for each event. The green star

represents the Bárðarbunga main event. Letters and dashes indicate

the directions of depth cross-sections shown in Fig. 8
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September continuously up until 4.8 h prior to the

Bárðarbunga main event (Konstantinou et al. 2000),

and (b) Glynn and Konstantinou (2016) recently

showed that about 8 days before the occurrence of the

Bárðarbunga main event, higher frequencies

([ 1 Hz) within the ambient seismic noise had dis-

appeared at stations HOT23, HOT25 and HOT14.

The authors interpreted these observations as result-

ing from high absorption losses due to melt reaching

shallow depths.

Further evidence about the scenario of a small

subglacial eruption prior to the Bárðarbunga main

event could be provided by a study of the relative

velocity changes inferred from ambient noise inter-

ferometry (Brenguier et al. 2008). In order to

investigate this, we utilized the open-source Python

package MSNoise (Lecocq et al. 2014) to calculate

the noise cross-correlation functions (NCFs) and

measure the relative velocity variations. Prior to the

computation of the NCFs, a pre-processing was

applied individually on the day-long vertical com-

ponent traces of each station (Bensen et al. 2007).

The data were initially bandpass filtered between 0.01

and 4 Hz, demeaned, tapered and down-sampled to

Figure 8
Cross-sections showing the distribution of hypocentral depths for the relocated events along the profiles given on the map of Fig. 7. The green

star represents the Bárðarbunga main event. The dashed red lines in cross-section CC0 delimit the depths that enclose 82% of the plotted

hypocenters
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10 Hz. The data were then clipped to 3 times the

root-mean-square amplitude for time domain nor-

malization and spectrally whitened. NCFs were

computed in 30-min windows for maximum time lags

of ± 200 s, were linearly stacked for each day, and

then the daily NCFs were stacked over 2-day long

moving windows. All daily NCFs were stacked over

the whole recording period in order to build a refer-

ence NCF. The Moving-Window Cross-Spectral

(MWCS) method (Clarke et al. 2011) was applied to

monitor the relative velocity variation with time, by

measuring the temporal dephasing between the daily

NCF and the reference NCF. In particular, the

MWCS method consists of two main steps (for a

detailed description of the method, see Clarke et al.

2011 and Lecocq et al. 2014): first, the time delay (dt)

Table 1

Source parameters of the main Bardarbunga earthquake and 10 other events that occurred afterwards

Event Date Origin Time Lat (N) Long (E) Z (km) Mw Strike Dip Rake % DC % CLVD

Main event 29/09 10:48:16.17 64.6713 - 17.4972 4 5.6 288 57 98 35.00 65.00

1 29/09 12:47:15.81 64.6303 - 17.5731 6 4.3 297 60 102 43.37 56.63

2 29/09 13:21:27.31 64.6152 - 17.5662 10 3.9 312 50 107 41.67 58.33

3 29/09 13:18:15.44 64.6117 - 17.5690 4 4.1 87 66 81 48.48 51.52

4 29/09 13:39:14.73 64.6063 - 17.5646 9 4.1 337 73 83 47.85 52.15

5 01/10 05:07:47.58 64.5917 - 17.4142 6 4.2 280 45 87 52.04 47.96

6 30/09 09:07:25.23 64.4846 - 17.4311 2 3.7 15 89 - 161 50.11 49.89

7 30/09 10:37:08.70 64.5049 - 17.3927 6 3.7 60 79 - 26 56.64 43.36

8 30/09 18:46:39.73 64.5351 - 17.3137 4 4.2 317 67 - 87 59.95 40.05

9 30/09 16:22:00.94 64.5477 - 17.3268 9 3.8 17 90 - 159 49.36 50.64

10 30/09 05:45:48.24 64.5815 - 17.2894 7 3.7 165 89 8 56.77 43.23

Column Z signifies the depth inferred from the moment tensor inversion

Table 2

Summary of the F-test results for assessing the different source

types of the studied events

Event F-test result

FDC-DEV FDEV-ISO Critical value

Main event 1.73 1.00 1.29

1 1.95 1.03 1.28

2 1.70 1.02 1.28

3 1.78 1.08 1.31

4 2.10 1.00 1.28

5 1.73 1.00 1.28

6 1.76 0.96 1.49

7 1.85 1.00 1.58

8 1.78 1.06 1.36

9 1.58 0.97 1.49

10 2.51 1.02 1.43

Column FDC-DEV signifies the variance ratio of double-couple (DC)

to deviatoric moment tensor, while column FDEV-ISO the same ratio

for deviatoric to full moment tensor. These values are then com-

pared to the critical value obtained from statistical tables for a

confidence level of 95%

Figure 9
Map showing the locations (red dots) and focal mechanisms of

events whose moment tensor was derived from waveform inversion

(event numbers are the same as in Table 2). The red beach ball

belongs to the Bárðarbunga main event. The black thick line is the

Gjálp fissure that developed on the ice after the eruption reached

the surface of the glacier (after Gudmundsson et al. 1997). The red

thick lines are the segments of the dike intrusion during the

2014–2015 Bárðarbunga–Holuhraun eruption (after Sigmundsson

et al. 2015)
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between the current day’s NCF and the reference

NCF is measured at different lag times (t) within a

series of overlapping windows at the coda part of the

NCFs. Measurement points with dt greater than ±

0.1 s, a coherence of less than 0.65 and an error

greater than 0.1 s were rejected. In the second step, a

line is fitted to the remaining dt measurements as a

function of t, weighted by the error estimates of each

dt (weighted linear regression). Under the assumption

of a homogeneous relative velocity perturbation in

the medium (e.g., Ratdomopurbo and Poupinet 1995),

the equation dv/v = - dt/t can be used to calculate

the relative velocity variation.

Ambient noise interferometry relies on the cross-

correlation of continuous noise recordings for pairs of

stations that are usually selected based on a number

of criteria. In our case these criteria have to do with

(a) data availability, (b) the path that connects the two

stations which should pass through the Bárðarbunga

caldera, and (c) the total length of this path which

should be as small as possible in order to increase the

chances of detecting velocity variations. Considering

that station HOT26 was not in operation during the

study period and that HOT27 as well as HOT28

contained large data gaps, we focused our attention

on the pair HOT23–HOT14 that satisfied all three

criteria. Figures S12-S13 in the supplementary

material depict spectrograms of seismic noise at the

two stations, where it can be seen that most energy is

concentrated between the second microseism band

(0.1–1 Hz). The dv/v measurements were performed

in the frequency band between 0.5 and 1 Hz, using

2-day moving window stacks of the NCFs. We fur-

ther calculated the depth sensitivity of emergent

Rayleigh waves comprising seismic noise for the

frequency of 0.5 Hz by utilizing the minimum 1D

velocity model derived in Sect. 3 and calculating

shear wave velocities using a Vp/Vs ratio equal to

1.78 (Fig. 10). It can be seen that any velocity vari-

ations in this frequency band should correspond to

medium changes up to a depth of 4 km.

Figure 11 shows the relative velocity variations

for this pair of stations from 31 July until 11 October.

A trend of increasing relative velocity can be seen

from 9 until 28 September probably as a result of the

buildup of overpressure inside the Bárðarbunga

magma chamber. In order to investigate whether this

trend is statistically significant, we applied linear

regression and performed a t test for determining the

significance of the slope and intercept of the fitted

line at 95% confidence level. In both cases we find

that the p value is in the order of 0.01 which is

smaller than 0.05, hence the null hypothesis of no

significant trend can be rejected. On 28 September,

about 1 day before the occurrence of the Bárðarbunga

main event, a sharp decrease of relative velocity

occurs from ? 0.06% to negative values. While this

drop could be interpreted as a sign of magma ascent,

it also coincides with the onset of harmonic tremor

that was recorded at HOT23. Previous studies (e.g.,

Ballmer et al. 2013) have shown that volcanic tremor

may affect the calculation of relative velocity values

in a manner that they may no longer represent real

medium changes. Another point that deserves atten-

tion is the fact that the path of HOT23–HOT14 also

crosses the Tungnafellsjökull volcanic system where

a handful of earthquakes were located after the Gjálp

eruption. This earthquake activity was shown to be

the result of unclamping of pre-existing faults trig-

gered by magma withdrawal and subsidence at

Bárðarbunga (Pagli et al. 2007; Parks et al. 2017). It

is therefore unlikely that the increase in relative

velocities we observed were due to localized inflation

beneath Tungnafellsjökull.

These considerations suggest that only this

increase in relative velocity during 9–28 September

can be interpreted as a robust precursory feature. The
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Figure 10
Depth sensitivity kernel of Rayleigh wave for group (dashed line)

and phase (solid line) velocity for the frequency of 0.5 Hz (see text

for more details)
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buildup of overpressure and subsequent occurrence of

harmonic tremor point to the possibility of a small

subglacial eruption that may have occurred at

Bárðarbunga. This resulted in the removal of some

quantity of melt from its magma chamber, which in

turn induced the caldera drop and the rupture of its

ring fault. Similar small subglacial eruptions might

have occurred prior to the other anomalous Bárðar-

bunga earthquakes analyzed by Nettles and Ekström

(1998). It is highly likely that these eruptions went

unnoticed as well, firstly because they did not break

through the ice, and secondly because regional net-

works in past decades had very limited capabilities to

detect weak tremor signals or microseismicity in such

a remote area as NW Vatnajökull.

7. Discussion

One distinct difference between the seismicity

observed during the 1996 Gjálp and the 2014–2015

Bárðarbunga–Holuhraun eruption was the opposite

sense of motion for the events around the Bárðar-

bunga caldera rim. During the 2014–2015 eruption

earthquakes clustered in the NE and SE parts of the

caldera exhibited normal faulting with large CLVD

components (Riel et al. 2015). On the contrary, dur-

ing the 1996 eruption events clustered in the NW and

SW parts of the caldera and their moment tensor

solutions indicate reverse faulting (cf. Fig. 9). One

way to reconcile this difference is to accept that the

two groups of events nucleated along ring faults of

varying dip (see also Fig. 6c of Gudmundsson et al.

2016): during 1996 the ring fault was dipping out-

wards, while during 2014–2015 it was dipping

inwards. The relocated epicenters along the caldera

rim support the existence of a ring fault as the

nucleation site of the Bárðarbunga main event, while

moment tensors of its aftershocks reveal a rather

complicated geometry for this fault as judged by the

rotation of their nodal planes along the caldera rim

(cf. Fig. 9).
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Figure 11
Relative seismic velocity variations, dv/v, for station pair HOT14–HOT23. Error bars indicate the error in the measurements. The vertical line

in magenta marks the occurrence of the 29 September Mw 5.6 earthquake, while the dashed black line shows a linear regression line fitted to

the dv/v values for a period of 20 days before the occurrence of the earthquake. The black dotted curves represent the 95% confidence limits of

the regression (see text for more details). The gray shaded area highlights the period where relative velocity drops from ? 0.06% to negative

values and also coincides with the onset of volcanic tremor at HOT23
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The migration of seismic activity from Bárðar-

bunga to the area of the Gjálp fissure was much less

spectacular than the migration of events during the

2014–2015 dike intrusion. However, the mechanics

of faulting during the intrusion of magma seems to be

in both cases similar. In the 2014–2015 dike intru-

sion, Ágústsdóttir et al. (2016) found that the majority

of the earthquakes along the dike path were located

within a narrow zone at 5–7 km depth. The authors

suggested that the rocks shallower than 5 km were

inherently weak due to repeated rifting episodes,

therefore they could not sustain brittle failure. On the

contrary, the depths between 5 and 7 km signify the

brittle-ductile boundary for the Icelandic crust and

the differential stresses in this zone are expected to be

the highest. Analysis of the focal mechanisms of

events along the dike intrusion showed that the

majority of them exhibited strike-slip faulting and

that no event had any significant isotropic compo-

nent. The authors concluded that the opening of the

dike was probably aseismic and that the strike-slip

motion released the accumulated strain deficit along

the dike path. Even though the number of earthquakes

recorded during the 1996 eruption is orders of mag-

nitude smaller than that of 2014–2015, our results

also give a hint of similar processes along the Gjálp

fissure. The majority of the relocated earthquakes

occur at depths shallower than 8 km and deeper than

3 km (relative to the sea level), suggesting that the

upper part of the dike that reached the rock-ice

interface was indeed aseismic. The available focal

mechanisms exhibit strike-slip components and

insignificant volumetric source changes (cf. Table 2),

pointing to aseismic opening of the dike beneath the

fissure as well as strain release in the form of strike-

slip faulting. These results agree well with the con-

clusion of Spaans and Hooper (2018) that the

accumulated strain due to plate spreading in the south

of the 2014–2015 dike path had already been released

by previous eruptions such as the 1996 Gjálp.

Figure 12 depicts a simplified cartoon that

describes the subsurface features beneath the two

central volcanoes, the kinematics of faults, and the

magma path according to the results of this and

previous studies. The depth of the shallow magma

chamber beneath Bárðarbunga is constrained by the

depth distribution of seismicity between 8 and 12 km

(Gudmundsson et al. 2016; Hudson et al. 2017) and

also by the results of our relocation. The depth and

shape of the magma chamber beneath Grimsvötn has

been inferred from tomographic inversion of earth-

quake travel times (Alfaro et al. 2007). The starting

point of the Gjálp eruption was the pressurization of

the magma chamber beneath Bárðarbunga, as has

been demonstrated by the gradual increase of the

relative seismic velocities. The subsequent occur-

rence of volcanic tremor probably signified the

extrusion of some amount of melt from the chamber

that gave rise to a small subglacial eruption that went

on unnoticed. After this the roof of the Bárðarbunga

magma chamber drops and this causes the rupture of

the outward dipping ring fault that produced the main

event and its aftershocks. The caldera drop induces

further pressure increase which leads to the melt

being squeezed out of the magma chamber, migrating

laterally underneath the area of the Gjálp fissure. The

magma overpressure and stresses due to plate

spreading open a dike and deformation along this

dike causes earthquakes with substantial strike-slip

components. The dike tip reaches the interface

between the rock and the icecap and the subglacial

eruption starts, at first melting the ice and later

reaching the free surface as described in Gud-

mundsson et al. (1997). At this point it should be

noted that earthquakes at the SW tip of the Gjálp

fissure were occurring very close to the Grimsvötn

shallow magma chamber (cf. Fig. 8 cross-section C–

C0). Numerical models support the possibility of

shared magma pathways between Bárðarbunga and

Grimsvötn, both in terms of the existence of a tensile-

stress concentration zone between the two volcanoes,

and in terms of the orientation of the principal max-

imum stress axis (Gudmundsson and Andrew 2007).

It is therefore conceivable that these earthquakes

might have created fractures that could allow melt

from Grimsvötn to leak towards the Gjálp fissure.

8. Conclusions

We reanalyzed the seismicity recorded during the

1996 Gjálp eruption in Iceland, for the purpose of

better understanding the physical mechanism of the

eruption by combining our results with those from
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previous studies. The main conclusions of this work

can be summarized as follows:

1. In total 301 events were identified that formed two

main clusters, one at Bárðarbunga caldera and the

other at the site of the Gjálp fissure. Precise

relative locations obtained with HYPODD showed

that the maximum depth of these events did not

exceed 10 km as found in previous studies for this

area. Relative locations also showed that the

epicenters of the aftershocks of the Bárðarbunga

main event delineate its caldera rim. Seismic

activity then migrated within a few hours to the

site of the Gjálp fissure, while some earthquakes

were also located at the neighboring Tung-

nafellsjökull volcano.

2. Moment tensor inversion results showed that the

events at the rim of the Bárðarbunga caldera

exhibited reverse faulting. This could be inter-

preted as faulting along a ring fault whose

segments exhibit varying strike and dip. Events

that were located near the Gjálp fissure exhibited

strike-slip focal mechanisms. These events most

likely signified the release of strain along the path

of magma. All the events whose moment tensors

were derived showed statistically insignificant

isotropic components. CLVD components, while

statistically significant, are more likely the result

of unmodeled propagation effects, the limited

number of available stations and the presence of

noise.

3. Prior to the Bárðarbunga main event (9–28

September) ambient noise interferometry revealed

a robust increase in relative seismic velocity along

the path that traverses the Bárðarbunga caldera,

which may correspond to the pressurization of its

magma chamber. On 28 September harmonic

tremor starts being recorded by the closest station

to the eruption site, possibly signifying the

occurrence of a small subglacial eruption. Such

an eruption could have caused a small quantity of

melt to leave the magma chamber leading to the

collapse of its roof, the rupture of the ring fault,

and eventually to the lateral migration of magma

towards the Gjálp fissure.
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