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Abstract — The Grimsvotn volcano, one of the most active volcanoes in Iceland, is covered to a large extent
by the Vatnajokull glacier. High geothermal activity within its caldera maintains an ice-covered caldera lake
with variable water level. Large floods from the lake (jokulhlaups) are initiated when the water breaks through
an ice dam and flows out of the caldera. In several cases the falling lake level is known to have triggered
eruptions of the volcano, e.g, in 1922, 1934, and 2004. The eruptions of 1983, 1998, and 201 1, however, were
not triggered by jokulhlaups, and most jokulhlaups have not triggered eruptions, including those of 2008 and
2010. All these processes, i.e. volcanic activity, water floods, and geothermal activity, are accompanied by
seismic tremor that is detectable by the surrounding network of seismic stations. By comparing tremorplots of
the jokulhlaups of 2008 and 2010, and the eruptions of 2004 and 2011, we can identify three types of tremor:
Water flood tremor. Jokulhlaups from the caldera are always accompanied by high-frequency tremor (2-9 Hz),
recorded on the seismic stations near the caldera. It starts when the lake level begins to drop and increases
gradually with increasing water discharge from the lake. This tremor is usually detected a few days before
the subglacial flood reaches the glacier edge. Geothermal tremor. The second type of tremor appears to be
switched on when the drop in water level reaches 10-30 m. It remains after all water has been drained from
the lake. The tremor is characterized by relatively high frequency (2—-6 Hz) and sudden changes in amplitude.
The distance range of this tremor is short, it is seldom recorded beyond the edge of the glacier. We suggest that
it is generated by flash-boiling of the geothermal system within the caldera, triggered by the pressure drop of
the lake level. Eruption tremor. Eruptions of Grimsvotn are accompanied by tremor that begins simultaneously
with the eruption and is distinctly different from the other two types of tremor. It contains lower frequencies
(0.5-4 Hz) and has a wider distance range. It is recorded beyond the edge of the glacier, possibly because of
its frequency content, but other effects such as crustal structure and depth of the tremor sources may also play
a part.

INTRODUCTION activity in the caldera of the volcano melts the ice and

) B ) ) the meltwater feeds an active caldera lake. Glacier
The Grimsvétn volcano is located in the central area ;e dams the lake but the dam eventually fails, re-

of the Iceland hotspot and is one of the most active  gj(ing in a jokulhlaup, a major flood that reaches the
volcanoes in Iceland (e.g., Bjornsson and Einarsson,  coatal area in several hours to days (Bjornsson, 1988;
1990; Gudmundsson and Bjornsson, 1991). The latest 2010). The caldera lake level drops by several tens
confirmed eruptions were in 1922, 1934, 1983, 1998, 4 meters during these floods. The ensuing pressure

2004 and 2011. The volcano is to a large extent cov- drop in the caldera has been shown to trigger erup-
ered by the Vatnajokull glacier. Powerful geothermal
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tions of the volcano, such as in 1922, 1934 and 2004
(Pérarinsson, 1974; Sigmundsson and Gudmundsson,
2004; Vogfjord et al. 2005). Both the jokulhlaups
and the eruptions have been accompanied by charac-
teristic seismic activity, both earthquakes and contin-
uous tremor (e.g. Einarsson and Brandsdéttir, 1984;
Brandsdoéttir and Einarsson, 1992; Vogfjord et al.
2005; Einarsson, 2018; 2019). The eruptions have
also followed a characteristic inflation-deflation cycle
of a shallow-level crustal magma chamber (Sturkell
et al., 2003, 2006; Sigmundsson et al. 2018; Hreins-
déttir et al. 2014). This intriguing interaction of
volcanological, geothermal, hydrological and seismic
phenomena offers unique opportunities for research.
In this paper we investigate continuous tremor signals
in conjunction with recent eruptions and jokulhlaup
events. We identify three kinds of tremor signals and
tentatively trace their origin to water flow, flash boil-
ing of the geothermal system, and volcanic eruptions.
Detecting seismic tremor and identifying its origin is
of paramount importance for volcano monitoring in
Iceland. Several of the most active and dangerous vol-
canoes are covered by glaciers, such as Grimsvétn,
Bardarbunga, Skaftd Cauldrons, and Katla (Figure 1),
and bursts of tremor are frequently detected from
them (Einarsson and Brandsdéttir, 1984; Bjornsson
and Einarsson, 1990; Einarsson et al. 1997; Sgattoni
et al. 2017; Eibl et al. 2020; Vanderhoof, 2023). In
some of the cases it has been suggested that tremor
bursts observed to distances of several tens of kilome-
ters are indications of short-lived volcanic eruptions
at the base of the glacier (Bjornsson and Einarsson,
1990; Sgattoni et al. 2019), but direct evidence to ver-
ify or disprove the suggestion is missing.

METHODS
Seismic networks

The seismicity of Grimsvétn has been monitored
since 1976-1977, when the country-wide analog seis-
mograph network was extended to Eastern Iceland
and events of magnitude as small as 2 could be located
with reasonable accuracy in Central Iceland (Bjorns-
son and Einarsson, 1990). A telemetered station was
installed on the Grimsvétn caldera rim in 1982 (Fig-
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ure 2) and operated intermittently in the following
years (Einarsson and Brandsdéttir, 1984). These sta-
tions added considerably to the general knowledge of
tremor and background activity of the volcano. The
analog data do not, however, allow studies of spec-
tral characteristics. Analog seismograms from the
Grimsvotn station (ICGF) for the period 1986-2008
are available at the website seismis.hi.is (Einarsson
and Jakobsson, 2020).

The analog seismic network of Iceland was re-
placed by a digital network, beginning in 1990
(Stefansson et al., 1993). The last analog station
was taken out of operation in 2010. A digital,
three-component seismic station was installed on the
caldera rim of Grimsvotn in 1999, as a part of the
country-wide digital seismic network (e.g., Bodvars-
son et al. 1999). This station opened the possi-
bilities to monitor continuous tremor in a quantita-
tive way. In particular, tremorgraphs for most sta-
tions are routinely maintained on the webpage of the
Icelandic Meteorological Office for the previous 10
days, http://hraun.vedur.is/ja/oroi/index.html. These
graphs give the running one minute average micro-
seismic background (RMS) of ground velocity mea-
sured on the vertical instrument in three different
spectral bands, high-frequency band 2-4 Hz, interme-
diate band 1-2 Hz, and low-frequency band 0.5-1 Hz.
The numbers on the Y-axis on the web images are
the logarithm of the average velocity in m/s, scaled
to a whole number between —32000 and 32000 (16
bit number) (Einar Kjartansson, pers. comm.).

We base our analysis of the Grimsvotn tremor
mostly on tremorgraphs from the Grimsvotn station,
GRE, for four key events, the jokulhlaups of 2008 and
2010, and the eruptions of 2004 and 2011. The advan-
tage of using these data is twofold. The data are easily
accessible and the results are immediately applicable
to the routine monitoring of the volcano. Many peo-
ple in the public community are already familiar with
this presentation of the data. Community participa-
tion is an important element in the monitoring of the
volcanic activity in Iceland. The tremorgraphs have
been used for almost three decades to identify the start
of jokulhlaups and issue early warning.

JOKULL No. 73, 2023



Tremor associated with jokulhlaups and eruptions of Grimsvétn volcano, Iceland

Figure 1. Map of the Vatnajokull area of Central and SE-Iceland, showing the location of the Grimsvotn volcano (G) and
other volcanic features, Bardarbunga (B), W- and E-Skaftd Cauldrons (V and E), Gjalp eruption site (Gj), Kverkfjoll vol-
cano (Kv), and Myrdalsjokull glacier with the subglacial Katla volcano (Ka). Seismic stations are shown with red triangles,
Grimsfjall (GRF), Skrokkalda (SKR), and Kalfafell (KAL). — Kort af Vatnajokli og ndgrenni sem synir stadsetningu Grims-
vatna (G), Baroarbungu (B), Vestri og Eystri Skaftdrkatla (V og E), Gjdlpar (Gj), Kverkfjalla (Kv), einnig Myrdalsjokuls og

Kotlu (Ka).

The three spectral bands are sensitive to differ-
ent environmental phenomena. The high-frequency
band shows well local earthquakes, icequakes, water
tremor from rivers, surf on the beach, wind noise, traf-
fic noise, etc. The low-frequency band is sensitive to
microseisms of the ocean (sometimes called “the 7-
seconds microseisms”) caused by ocean waves due to
passing low-pressure systems in the atmosphere. The
high-frequency tail of this spectral peak often contains
sufficient wave energy to severely disturb this band of
the tremorgraphs. Large teleseismic events and low-
frequency volcanic earthquakes are also seen on this
spectral band.
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Lake level

Following experimental installations in the early
1990’s, instruments to monitor the vertical height
of the ice shelf floating on the Grimsvotn caldera lake
were installed on the middle of the ice shelf in late
October 1996 (Figures 2 and 3). Since then an almost
continuous record of water level in the Grimsvotn
caldera exists. The instruments record atmospheric
pressure and air temperature. Similar instruments
record the pressure and temperature at Grimsfjall,
the research hut of the Glaciological Society on the
southern caldera rim. The height difference between
the hut and the top of the ice shelf is calculated from

dz = (Ty/v) x [1 = (P/Py)(Rv/9)]
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Figure 2. A shaded relief map of Grimsvotn, made from a digital elevation model (DEM), dated 2017 08 24 (Porter et
al., 2018). The eruption sites of 1998, 2004, and 2011 are shown and the outflow channel for the jokulhlaups is indicated
with a dashed line. The red triangle gives the location of the seismograph, the square the location of the measuring sta-
tion for the height of the ice shelf. — Skuggamynd heedarlikans af Grimsvotnum, vir Arctic DEM safninu. Gosstoovar frd

1998, 2004 og 2011 eru merktar. Brotin lina synir rennslisleid jokulhlaupa it tir dskjunni. Prihyrningur synir stadsetningu

skjdlftameelisins d Grimsfjalli. Raudur ferningur synir stadsetningu hedarmcelis d ishellunni.

where T, and P, are temperature [K] and atmospheric
pressure [Pa] at Grimsfjall, v is the temperature gra-
dient [K/m], P atmospheric pressure [Pa] on the ice
shelf, g is the acceleration of gravity [m/s?], and R is
the specific gas constant for dry air [J kg7 K~'].

The accuracy of these measurements is about 5 m
in elevation for individual measurements. Each seg-
ment of the time series is constrained at both ends by
elevation measurements by GPS that have uncertain-
ties of the order of 1 m or less. It is assumed that the
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water level is 30 m below the surface of the ice shelf.
An indirect measurement of the water level is thus ob-
tained.

In 1998 a water pressure gauge was deployed at
the lake bed through a borehole drilled through the
~260 m thick ice shelf at the monitoring station. This
allowed monitoring of the water-level with decime-
ter accuracy. The device was destroyed during the
Grimsvotn eruption in December 1998. A new instru-
ment was installed in June 1999 at a location 800 m
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to the ENE of the previous site. This gauge was in
operation until late August 2000, when the cable to
the surface station broke. Since June 2000 the eleva-
tion of the ice-shelf has been monitored more or less
continuously with GNSS instruments of variable ac-
curacy from a few meters to a few cm.

The volume of the water body of the lake as a
function of the water level is estimated from maps of
the topography of the lake bottom and the bottom of
the ice shelf. The volume of each jokulhlaup is es-
timated as the difference between the volume of the
lake at the beginning and that at the end of the jok-
ulhlaup. The jokulhlaup following the Gjalp eruption
of 1996 serves as an example. The water level before
the outflow began was at 1513 m and at the end of the
flood it was at 1335 m. The calculated volume of the
flood is 3.6 km?.

In 1999, the monitoring station was moved to a
new location directly above the deepest part of the
subglacial lake. Consequently, if any water accu-
mulated in the lake, the ice below the station was
lifted from the bedrock below, and when the lake
drained the ice shelf at the station subsided until the
lake drainage stopped. Since the eruptions of 1996
and 1998, the elevation of the station when the ice
shelf hits the bedrock has been gradually increasing
with time, indicating that the ice shelf beneath the
station has been gradually thickening. This devel-
opment is likely the main explanation why temporal
minima in Figure 3 have become higher with time.
At the same time the ice shelf next to Grimsfjall has
thinned, most intensively near the recent eruption sites
where at present the lake is partly free of glacier ice
as evident in Figure 2. For this reason, the lake is
presently deepest next to these eruption sites but not
below the station on the ice shelf. Consequently, since
2004, the ice shelf beneath the station subsides all the
way to the underlying bedrock before the lake is fully
drained. It has been observed from elevation map-
ping of Grimsvétn (unpublished data of IES, deduced
from Pléiades satellite images), that at present the sta-
tion starts rising when ~0.05 km?® has accumulated
in the lake, and the lake area is ~4 km?. This ex-
plains the periods of stable low elevation in Figure 3;
the lake volume is then not sufficient to lift the sta-
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tion. It is also known from the same data that when
the lake drains completely the lake level has dropped
below 1320 m a.s.l. resulting in ~70 m greater pres-
sure drop than indicated by the station. This happened
e.g., during the jokulhlaup in 2021. The area under-
going pressure relief of such magnitude is, however,
relatively small (~1 km?).

Taking the above into consideration, the values of
lake level drop during jokulhlaups (Table 1) should
be considered as minimum values, it is generally not
known how far the lake level dropped below the lake
level sensed by the station, during the listed jokul-
hlaups. This development also adds some degree of
uncertainty to estimates of the drained water volume
during the jokulhlaups. Generally, this is more likely
to result in a slight underestimate, up to ~0.05 km3.

Spectral analysis

Samples of the tremor were isolated from suitable
raw seismograms and analyzed with respect to fre-
quency. Spectral analysis was done with the Python
programming language’s ObsPy and NumPy pack-
ages. Two-minute samples of the vertical seismo-
gram from two of the stations operated by the Ice-
landic Meteorological Office, GRF on the caldera rim
and KAL at a distance of 55 km (Figure 1), were
selected in such a way that no earthquakes or other
disturbances were visually present. Once appropriate
snippets had been isolated they were each normalized
to facilitate visual comparison of the frequency distri-
bution. Then a highpass filter was applied at 0.7 Hz
(highpass() method from the ObsPy package). This
was done to minimise the effects of the oceanic mi-
croseisms (Gudmundsson et al., 2007). All the unfil-
tered spectra show a prominent and persistent peak
at low frequency, 0.15-0.2 Hz. This peak is also
seen at most stations in Iceland irrespective of dis-
tance to volcanoes and is the familiar microseisms
peak caused by the swell on the North Atlantic Ocean.
Next numpy.fft.rfft() was used to calculate the Fast
Fourier Transform. Finally smoothing was applied by
convolving the absolute values of the spectrum with
a constant vector of length 10, thereby calculating a
moving average. This was done with NumPy’s con-
volve() method.
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Figure 3. Water level in the Grimsvotn caldera lake 1992-2021 as inferred from the elevation of the ice shelf. The eruptions
of Gjalp 1996, and Grimsvotn 1998, 2004 and 2011 are marked with red stars. Jokulhlaups are generally associated with
rapid subsidence of the water level and ice shelf of the caldera lake. — Vatnshwd i dskjuvatni Grimsvatna d timabilinu
1992-2022 fundin iit frd heed ishellunnar. Raudar stjornur merkja tima gosanna it Gjdlp 1996, og Grimsvétnum 1998, 2004
og 2011. Jokulhlaup verda pegar vatnsbord og heed ishellunnar d dskjuvatni Grimsvatna fellur ort.

Table 1. List of jokulhlaups and eruptions from Grimsvotn caldera 1983-2021, with initial water level height, total drop of
water level, and estimated water volume of the jokulhlaup (Bjornsson, 2017; Palsson and Magnisson, 2022). — Listi yfir
Jjokulhlaup og eldgos i Grimsvatnadskjunni 1983-2021. Vatnsheed fyrir hlaup, heildarsig og rimmdl hlaupvatnsins.

year month water level drop volume
masl m km®

year month water level drop volume
masl m km®
1983 5 eruption
1983 12 jokulhlaup 1412 42 06
1984 8 (eruption)
1986 8 jokulhlaup 1430 80 1.2
1991 11 jokulhlaup 1452 82 1.5
1996 4 jokulhlaup 1454 75 12
1996 11 jokulhlaup after Gjalp 1510 175 3.2
1998 2 jokulhlaup 1407 59 05
1998 12 eruption
1999 1 jokulhlaup 1390 52 03
1999 9 jokulhlaup 1386 37 02
2000 7 jokulhlaup 1369 19 0.1
2001 12 j6kulhlaup 1397 7 0.1
2002 2 jokulhlaup 1399 38 03

2004 10 jokulhlaup-eruption 1422  >44 >0.6

2005 3 jokulhlaup 1385 25 02
2007 10 jokulhlaup 1400 28 03
2008 9 jokulhlaup 1391 22 02
2010 10 jokulhlaup 1419 49 0.6
2011 5 eruption

2012 1 jokulhlaup 1405 35 04
2012 11 jokulhlaup 1388 21 0.2
2014 3 jokulhlaup 1392 22 02
2015 5 jokulhlaup 1398 24 0.2
2016 8 jokulhlaup 1386 10 0.1
2018 6 jokulhlaup 1400 21 02
2021 11 jokulhlaup 1443  ~90 1.0

Course of events

The course of events at Grimsvotn 1992-2021 is sum-
marized by plotting the water level in the Grimsvotn
caldera lake against time (Figure 3 and Table 1). The
eruptions of 1998, 2004 and 2011, as well as the Gjalp
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eruption in 1996, are marked on the timeline in the
figure. The choice of parameters in Figure 3 and
Table 1 is governed by the types of processes that ap-
pear to be characteristic for the activity of this sub-
glacial volcano, i.e. eruptions, inflation and deflation
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of the volcano, and jokulhlaups from the caldera lake.
Seismicity increases during periods of inflation, and
then abruptly decreases as an eruption and deflation
set in (Sturkell et al., 2003, 2006; Vogfjord et al.
2005). Similar behaviour is seen in the water level
of the caldera lake. The lake level rises continuously
due to inflow of surface meltwater in summer from
the ~175 km? Grimsvotn water catchment and due to
geothermal melting. The rise stops when a leak begins
and the ice dam fails. The level falls rapidly when the
water finds its way subglacially and is released in a
flood, jokulhlaup, at the glacier margin onto the allu-
vial plain near the coast (Figure 1) (Bjornsson 1992,
2010). Sometimes the glacier dam is damaged by
the jokulhlaups and geothermal meltwater is not con-
tained in the caldera for some time. Such periods are
represented, for example, by irregularities in the water
level curve following the 1996 Gjdlp eruption north
of the Grimsvotn caldera (Figure 3). The lake level
rose rapidly because of meltwater flowing into the
caldera from the powerful Gjalp eruption. The water
was subsequently released in a very large jokulhlaup
(3.6 km?) three weeks later (Bjornsson, 1997; Einars-
son et al., 1997; Gudmundsson et al., 1997; 2004).
The glacier dam has not completely healed after that
event. In 2004, an eruption followed a jokulhlaup, ev-
idently triggered by the pressure drop in the caldera.
Such events are known from earlier, notably the 1922
and 1934 eruptions of Grimsvotn (Porarinsson, 1974).

Seismic observations showed many common
characteristics shared by the events of Table 1. The
difficult logistics and harsh weather conditions, how-
ever mean that the quality of the observations is quite
variable. We selected the following events for analy-
sis of the tremor because of the completeness of the
data, and consider them representative of the whole
data set.

Jokulhlaup triggered an eruption in November 2004.
High-frequency seismic tremor indicating a begin-
ning water flow from Grimsvotn was first detected
on October 27, as seen in the blue curve in Figure 4.
The amplitude gradually increased and on October 29
the flood had reached the glacier edge. An intense
earthquake swarm was detected on November 1 and
was immediately identified as a likely precursor to an
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eruption (Einarsson, 2018). The earthquake activity
subsided towards the evening and was replaced by
continuous, low-frequency, volcanic tremor, shown
by the red curve in Figure 4, interpreted to mark the
beginning of the eruption. The basaltic eruption broke
out on a short fissure below the SW caldera rim when
the water level had lowered by 10-15 m. Trigger-
ing of the eruption by the pressure release is consid-
ered very likely (Vogfjord et al., 2005). The ampli-
tude of the volcanic tremor culminated in the early
hours of November 2 and then gradually diminished,
reaching background values on November 5, which
presumably marks the end of the eruption. The jok-
ulhlaup continued through and after the eruption and
by the time it ended the ice shelf had subsided 44 m,
corresponding to 0.55 km?® of water drained from the
caldera lake. The total volume of the eruptive prod-
ucts (DRE) is estimated at 0.05 km?® (Oddsson et al.
2012).

Small jokulhlaup in 2008. The height of the ice
shelf remained almost constant for months. Either
very little water could collect in the lake, keeping
the lake at 1372 m a.s.l. as shown in Figure 3, or
water was collecting elsewhere, as explained above.
The situation eventually went back to normal and the
level of the lake rose sharply during the later sum-
mer months. Gradually increasing high-frequency
tremor on the Grimsfjall seismograph indicated a be-
ginning flood out of Grimsvétn caldera on Septem-
ber 24, 2008. The flood followed similar course as
in earlier events, reached the glacier edge a few days
later, peaked and then followed a declining trend until
it ended on October 1. The total subsidence of the ice
shelf was ~22 m, corresponding to a water volume of
~0.19 km?.

Jokulhlaup in 2010. The ice elevation again showed
little change for several months following the 2008
jokulhlaup. The ice shelf level in Grimsvétn caldera
began rising again in August 2009 and by the autumn
of 2010 it had reached a level higher than prior to the
last few jokulhlaups (Figure 3). At the same time it
was clear that the inflation of the volcano was ap-
proaching a critical stage where a volcanic eruption
might be triggered by a sudden drop in water level,
similar to the scenario of 2004. The beginning of the
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Figure 4. Tremorplots from the seismic station at Grimsvotn, GRE, for the four events of this study, the jokulhlaups of 2008
and 2010, and the eruptions of 2004 and 2011. The blue curve shows the spectral level for the 2-4 Hz frequency band, the
green curve the spectral band 1-2 Hz, and the red curve the band 0.5-1 Hz. Blue arrows mark the beginning and end of the
respective jokulhlaups, red arrows the beginning and end of the eruptions. Black arrows mark the time of the samples for the
spectra in Figure 5. The vertical scale is arbitrary, but the same on all plots. — Oréagrof frd skjdlftamelinum d Grimsfjalli
(GRF) fyrir atburdina fjora sem fjallad er um i greininni, p.e. jokulhlaupin 2008 og 2010, og eldgosin 2004 og 2011. Blda
linan synir styrk oréans d tionibilinu 2—4 Hz, greena linan styrkinn d tionibilinu 1-2 Hz, og rauda linan styrkinn d tionibil-
inu 0,5-1 Hz. Bldar orvar marka byrjun og endi jokulhlaupa, raudar 6rvar byrjun og endi eldgosa. Svartar érvar marka
timann d synum fyrir tionirdfin d mynd 5. Loorétti dsinn synir otilgreindar einingar en er hinn sami d dllum grofunum.

water flow out of the caldera was seen on elevation
changes of the ice shelf on October 23 and then later,
on October 27 by a gradual rise in the amplitude of
high-frequency tremor recorded at the Grimsfjall seis-
mograph. The flood was verified at the glacier edge by
October 29 (Einarsson et al., 2016). The flood peaked
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on November 3 and then waned rather quickly, as is
usual in normal jokulhlaups from Grimsvotn and was
mostly over on November 5. No eruption broke out.
The total subsidence of the ice shelf was ~49 m cor-
responding to ~0.55 km? of water released from the
caldera lake.
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Figure 5. Spectral amplitude of specific types of tremor. Horizontal axis shows frequency in Hz, the vertical axis relative
spectral level of the vertical velocity seismogram. A. Flood tremor at GRF during the jokulhlaup preceding the 2004 erup-
tion, at 18:01 h (light blue) and 19:00 h (violet) on November 1. B. Flood tremor of two jokulhlaups compared, 2004 (light
blue) and 2010 (violet). C. Geothermal tremor at GRF following the eruption of 2004, at 09:26 h (light green) and 02:28 h
(dark green), both on November 8. D. Geothermal tremor of two jokulhlaups compared, 2004 (dark green) and 2008 (light
green). — Tionirdf skjdlftadréa af mismunandi uppruna. A. Vatnsordi d skjdlftastodinni GRF medan d jokulhlaupi st60, d
undan eldgosinu 2004, klukkan 18:01 (ljosbld lina) og 19:00 (fjolubld lina) 1. november. B. Vatnsordi frd tveimur jokul-
hlaupum borinn saman, 2004 (ljosbldr) og 2010 (fjolubldr). C. Jardhitaéroi d meelinum d Grimsfjalli GRF eftir gosio 2004,
klukkan 09:26 (ljosgreenn) og 02:28 (dokkgreenn), 8. november. D. Jarohitadrdi eftir jokulhlaupin 2004 (dokkgrenn) og

2008 (ljosgreenn).

Eruption in 2011. The inflation level of the vol-
cano remained high following the jokulhlaup of 2010
and continued rising. The earthquake activity also
increased. The magma chamber walls were finally
breached on May 21 as marked by an intense earth-
quake swarm in the caldera and onset of deflation
(Einarsson, 2018). The swarm started about 17:30 h.
Continuous, low-frequency tremor increased shortly
thereafter and culminated at 19 h. An eruption plume
was seen at about 19 h (Hreinsdéttir et al., 2014).
The eruption culminated in the evening of May 21
and early hours of May 22, during which the erup-
tion plume several times exceeded 20 km height. The
eruption vigor quickly diminished, however, and by
May 28, at 7 h, the eruption ended as judged from the
tremor at Grimsfjall station. The eruption occurred in
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the SW corner of the caldera, a little west of the erup-
tion site of 2004 (Figure 2). Earthquake activity in the
caldera was low following the initial swarm. A few
earthquakes were located in the caldera and to the W
and NW of it, towards the subglacial Loki Ridge, the
location of the E- and W-Skaftd Cauldrons (E and V
in Figure 1).

Tremor characteristics

By comparing the tremorgraphs obtained during these
jokulhlaups and eruptions with the course of events
(Figure 4) three types of tremor can be identified:

Type 1: Tremor is clearly identified in all three jokul-
hlaups, 2004, 2008, and 2010, beginning about the
time or shortly after the ice shelf begins to sub-
side. This type of tremor is best seen on the blue
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Figure 5 cont. E. Eruption tremor during the 2004 eruption, at 22:21 h (red) and 23:12 h (purple), both on November 1. F.
Spectrum of eruption tremor of 2004 at two stations, GRF (red) and KAL (purple). G. Eruption tremor of two eruptions

compared, 2004 (red) and 2011 (purple). H. Spectra of the three types plotted together, flood tremor (blue), geothermal
tremor (green), and eruption tremor (red). E. Gosdrdi medan d eldgosinu 2004 st60, klukkan 22:21 (raudur) og 23:12
(fioluraudur), 1. november. F. Gosoroi 2004 d tveimur meelistodvum, GRF (raudur) og KAL (fjoluraudur). G. Gosordi frd

tveimur gosum borinn saman, 2004 (raudur) og 2011 (fiéluraudur). H. Ordi af premur mismunandi gerdum borinn saman,

vatnsoroi (bldr), jardhitaoroi (grenn) og gosordi (raudur).

line in Figure 4. The signal consists of two compo-
nents, i.e. a slowly varying background and superim-
posed spikes or cracking events. On the compressed
time scale of the tremorgraphs this looks like a field
with a solid bottom defined by the background noise
and a fuzzy top made by the spikes. The tremor
is thus represented by the lower edge of the blue
field. The amplitude increases smoothly with in-
creasing subsidence rate of the shelf. It is first seen
on the high-frequency (blue) plot and then also on
the intermediate-frequency graph (green). The low-
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frequency curve (red) appears to be unaffected. The
spikes on the blue curve are due to small seismic
events in the central region of the volcano and also ice
cracking in the ice shelf and glacier surrounding the
volcano. Note the high spike activity before the 2004
and 2010 jokulhlaups, compared to the 2008 jokul-
hlaup. This most likely reflects the microearthquake
activity, and thus the level of inflation of the volcano
prior to these jokulhlaups. The smoothly increas-
ing tremor signal prior to the eruption in 2004 is as-
sumed to be entirely due to water flow past the seis-
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mograph at GRF through the caldera opening. Simi-
lar signals have been recorded during the initial phase
of all jokulhlaups from Grimsvétn, the events of our
study, in particular. We suggest the term flood tremor
for this type.

Type 2: The tremor changes its characteristics sud-
denly when the lake level has dropped a certain
amount. In the 2010 case this critical drop was 30
m, in 2008 it was 11 m and in 2004 it was 10-15 m.
In an additional jokulhlaup in 2012 this critical drop
was 18 m (Palsson and Bjornsson, 2013). The am-
plitude increases rather suddenly, even on the lowest
frequency band, which has been little affected until
then. The level of this tremor remains high for a day
or so and then declines gradually, but it remains after
the jokulhlaup has ended. It therefore does not seem
to be caused by the water flow past the seismometer.
Its amplitude may change suddenly, almost like it is
turned off and on. This switching, as seen in Fig-
ure 4, is particularly clear in the 2008 case, and may
continue for weeks after the jokulhlaup. Following
the 2004 jokulhlaup and eruption, the switching off
is seen on November 12, when the tremor level sud-
denly went temporarily back to the background mi-
croseismic level. The relative level of the three bands
is always the same during this type of tremor: The
high-frequency band is on top, then the intermediate-
band, and the low-frequency band on the bottom. The
less spiky appearance of this tremor during and af-
ter the jokulhlaup of 2008 compared to those of 2004
and 2010 may reflect less icequake activity associated
with the smaller jokulhlaup or lower microearthquake
background due to lower level of inflation of the vol-
cano in 2008. The physical source of this tremor type
is not obvious. It sets in about the time when most of
the water has drained from the caldera, and there are
no indications of eruptive activity. It does not seem to
be related to the aftermath of eruptive activity either,
because it did not appear after the large eruption of
2011. We suggest that it may be an expression of flash
boiling in the geothermal system of Grimsvotn vol-
cano, and coin the term geothermal tremor for it. The
sudden beginning and end of the tremor episodes is
consistent with the sudden phase changes when boil-
ing sets in and stops.
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Type 3: The tremor during the eruptions of 2004 and
2011 is quite distinct. All three frequency bands re-
spond immediately when the eruption begins, and the
amplitude level is about equal. It remains at the same
level in all bands during the first phase of the erup-
tion, then declines slowly. But as soon as the eruption
is over the level changes, to the level of geothermal
tremor in case of the 2004 eruption, and to the back-
ground level in case of the 2011 eruption. We identify
this tremor type as eruption tremor.

Spectra of the tremor types

Samples of the three types of tremor were isolated and
analyzed with respect to frequency. The results are
presented as amplitude spectra in Figure 5. Additional
normalization of the results was applied for subfigure
G to make the difference in frequency content more
apparent.

Type 1 (Flood tremor): A broad spectrum at high
frequency, between 1.5-9 Hz is a characteristic of the
flood tremor (Figure 5A). The two spectra, taken dur-
ing the 2004 jokulhlaup at two different times dur-
ing the period of increasing amplitude, have similar
shape. The amplitude increases for increasing fre-
quency, reaches a peak at 3.9-4.2 Hz and then de-
creases. The curve is roughly symmetrical about the
peak. The main difference between the two spectra
is subsidiary peaks on the stronger (and later) spec-
trum on either side of the peak, at 2.8 Hz and 5.2 Hz.
These peaks do not appear to persist. The shape of
the spectra of the flood tremor is similar for different
jokulhlaups, as shown in Figure 5B.

Type 2 (Geothermal tremor): The tremor of type
2 (Figure 5C and 5D) has a frequency band between
2 and 6 Hz and is strongly peaked, with prominent
peaks at 2.2, 2.8, 3.4, and 3.8 Hz. Spectral peaks at
higher frequencies may be present. These peaks per-
sist with a remarkable repeatability.

Type 3 (Eruption tremor): The eruption tremor
(Figures SE and 5F) contains lower frequencies than
both flood and geothermal tremor. This type of tremor
is characterized by prominent spectral peaks in the
0.3-3 Hz frequency band. The spectral amplitude in-
creases towards the lower frequency end of the spec-
trum, and significant amplitude extends down to at
least 0.8 Hz. The lower margin of the spectrum is
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difficult to determine as the lower end of the spectrum
merges with the oceanic microseisms. Comparison of
the eruption tremor at two stations in Figure 5F re-
veals the effects of attenuation on the spectra at in-
creasing distances. The amplitude of the higher fre-
quencies is attenuated faster than the amplitude at the
lower end of the spectrum, an effect that is further
demonstrated in Figure 6. The peaks in the spectrum
of the eruption tremor are persistent (Figure 7), with
constant frequencies, giving the spectrograms striped
appearance.

The spectral differences of the three tremor types
are brought forth in Figure 5H. The flood and geother-
mal tremor both have a wide spectrum, peaking at dif-
ferent frequencies, the flood tremor at about 4 Hz, the
geothermal tremor at about 3 Hz. The eruption tremor
is distinctly different. It has a strong low-frequency
component in the spectrum, with increasing amplitude
towards the low-frequency end.

Distance effects

The three types of tremor have different amplitude
decay with respect to distance. This is to be ex-
pected because of their different frequency content.
High frequencies decay faster than low frequencies
in the Earth (e.g., Gutenberg, 1958). The low-
frequency eruption tremor is therefore expected to be
detectable to larger distances than the high-frequent
water tremor. To test this we plot side-by-side the
tremorgraphs of the 2004 eruption at three different
stations (Figure 6). The stations SKR and KAL are at
the distance from Grimsvotn of 50 and 55 km, respec-
tively. On the GRF tremorgraph, which is the same as
shown in Figure 4, the water tremor shown by the blue
line begins to rise above the background noise and be
visible on October 26. The green curve of the interme-
diate frequencies rises above the noise slightly later,
on October 28. Both curves show a steady rise until
the time of the earthquake swarm on November 1 that
preceded the begin of the eruption (Vogfjord et al.,
2005; Einarsson, 2018). Similar increase of tremor
above the regular background cannot be seen on the
tremorgraphs from SKR and KAL. On these stations
the relative level of the different frequency bands re-
mains the same during the days of the flood, except
possibly for a few hours immediately before the onset
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of the earthquake swarm. The relative level also re-
turns to the same background values on these stations
after the eruption. The tremor on GRF, on the other
hand, shows a different behaviour. The blue curve
(high frequency) remains at a high level for more than
three weeks after both eruption and flood ended. It
eventually did return to normal background.

Two conclusions can be drawn from this compar-
ison. Of the three types of tremor only the eruption
tremor reaches the distant stations, SKR and KAL.
The water tremor and the geothermal tremor have
both decayed below the detection level of these sta-
tions. Furthermore, the effect of increasing attenua-
tion with frequency is evident in the remaining ampli-
tude of the eruption tremor (Figure 6).

The variable decay of the tremor types may also
have something to do with other effects, such as the
depth of their generation and the partitioning of the
tremor into surface waves and body waves. Tremor
generated at depth is likely to decay slower than
tremor generated at the surface, even if the frequency
content is the same. This depends on the attenua-
tion properties of the surface layers of the crust. Fur-
thermore, body waves decay faster with distance than
surface waves due to their geometrical spreading. A
study of these effects is beyond the scope of this paper.

Spectrogram of the 2004 events

The 2004 jokulhlaup and the triggered eruption are
the only events where all three types of tremor are
verified. The three types of tremor can be separated
by their characteristics, however, by plotting a spec-
trogram from the GRF seismogram. The precursory
activity and the beginning of the eruption is clearly
seen on November 1 (Figure 7a). The red band at
the bottom of the spectrograms is an expression of the
microseisms generated by the N-Atlantic swell and is
unrelated to the volcano. Earthquakes are expressed
by vertical bands. The water flow tremor is visi-
ble at the high-frequency end of the spectrum (1.5—
9 Hz). The blue-to-green colors show the increasing
amplitude of the tremor, until the intense earthquake
swarm begins after 20 h. The earthquake activity de-
creases around 22 h and low-frequency tremor ap-
pears (0.3-3 Hz). Similar transition was also observed
at the initiation of previous subglacial eruptions in
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Figure 6. Tremor plots of the 2004 eruption recorded at three seismic stations at different distances from Grimsvétn. The
color code for the different frequency bands is the same as in Figure 4. GRF is on the caldera rim of Grimsvétn, within a
few kilometers of the eruption site, SKR is at the distance of 50 km WNW of the volcano, and KAL at 55 km to the SSW
(Figure 1). The spikes with the red tops at SKR and KAL are low-frequency earthquakes originating on the west flank of
the Katla volcano in S-Iceland at distances of 110 and 87 km, respectively. They belong to a sequence of events active
for several decades (e.g. Soosalu et al., 2006; Einarsson and Brandsdéttir, 2000; Sgattoni et al., 2019), recently shown to
be associated with a large, slow rock slide (Smundsson ef al., 2020). — Ordagrdf af eldgosinu 2004 og addraganda pess
skrdd d premur skjdlftameelistoovum i mismunandi fjarlego frda Grimsvotnum. GRF er d oskjubrin Grimsvatna, innan fdarra
kilometra fra gosstodvunum, SKR um 50 km VNV vid eldstodina, og KAL er 55 km SSV vid Grimsvitn (mynd 1). Raudu
topparnir d oréagriofum SKR og KAL eru ldgtioniskjdlftar sem dttu upptok vio Tungnakvislarjokul vestan Kotlu, i 110 og
87 km fjarlegd frd skjdlftastoovunum. Skjdlftar hafa verid vidvarandi d pessum stad i marga dratugi og hefur nylega komio
i ljos ad peir tengjast fjallhrapi.
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Figure 7. Spectrogram of the vertical component from the station GRF for November 1-6, 2004. A marks the beginning of
the intense precursory earthquake activity, B the cessation of the earthquake activity and beginning of eruption tremor, C
the widening of the tremor spectrum, and D disturbance and possible interruption of the eruption. E and F mark the end of
the two peak spectral lines of the eruption tremor and G interruptions within the geothermal tremor. — Tidnirit af l6drétta
peetti skjdalftameelistoovarinnar d Grimsfjalli, GRF, fyrir dagana 1.—6. névember 2004. A synir byrjun skjdlftahrinunnar
{ undanfara eldgossins. B merkir stadinn par sem dregur iir skjdlftum en stoougur gosoroi hefst. Vio C vikkar tionisvio
oréans og vid D verdur timabundin truflun d gosoréanum, hugsanlega hlé d gosinu. E og F merkja lok tveggja meginpdtta
gosoroans. Vid G sést truflun d jardhitadréanum.
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Grimsvotn 1983 (Einarsson and Brandsdéttir, 1984)
and the Bardarbunga-Gjélp eruption in 1996 (Einars-
son et al., 1997) and marks the end of the migration
of magma at the beginning of the eruption (B in Fig-
ure 7a). The continuing eruption is expressed on the
spectrogram of November 2 (Figure 7b). The spec-
tral peaks and troughs shown in Figure 5 are invariant,
giving the spectrogram striped appearance. The erup-
tion tremor shows some variability in amplitude, and
the spectrum widens at about 10 h (C in Figure 7b).
The striped appearance becomes even more pro-
nounced on November 3 (Figure 7c) with decreasing
amplitude, most likely reflecting decreasing intensity
of the eruption. The frequencies of the bands ap-
pear to be constant, however. A pronounced distur-
bance in the activity is noticeable between 8 h and 11
h (D in Figure 7c), possibly temporary cessation of
the eruptive activity. The tremor then resumes, but
without the lowest band. The intensity of the erup-
tion tremor continues decreasing on November 4 (Fig-
ure 7d). The eruption became very weak in the morn-
ing on November 5 and ended later that day. The two
lowest spectral lines on the spectrogram in Figure 7d
(0.7 Hz and 1.3 Hz) end at about 8 h and19:40, which
probably marks the end of the eruption (E or F in
Figure 7d). These frequencies correspond to the two
prominent peaks in the eruption tremor, seen in Fig-
ure 5D. The higher spectral lines of the tremor do not
end, however, but fade out towards the end of next day
(Figure 7f). They have frequencies of 2.1 Hz, 2.7 Hz,
3.3 Hz etc., and correspond to the peaks visible in the
geothermal tremor in Figure 5C, shown in Figure 4.
The lowest of these continuing spectral lines shows
an interesting behavior on November 6 between 2 h
and 9 h (G in Figure 7f). During that time interval it
stops suddenly four times and begins again after 1/2
to one hour. This behavior is similar to that described
earlier as characteristic for the geothermal tremor.

DISCUSSION

Three of the most active volcanoes in Iceland are cov-
ered to a large extent by glaciers, Katla, Bardarbunga
and Grimsvotn, several of the less active ones as well.
The relatively frequent subglacial eruptions in Iceland
are a source of a whole class of hazards different from
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other basaltic eruptions. Eruptions that would other-
wise be relatively peaceful lava eruptions tend to be
explosive and can lead to jokulhlaups, catastrophic
floods of meltwater. These pose hazards to infrastruc-
ture such as roads, bridges, harbors, power lines, and
pipelines for hot and cold water. Air traffic is severely
influenced as well (e.g., Vogfjord et al., 2005; Barsotti
et al. 2020). Effective and accurate monitoring of the
activity of the volcanoes is therefore of vital impor-
tance. The seismic network is the primary tool for
monitoring, on which most other monitoring methods
rely. The inflation of a volcano that is going through
preparatory stages for an eruption is likely to be de-
tected and identified by increasing seismicity (Einars-
son, 1991, 2018). Geodetic and geochemical methods
can then be applied to that particular volcano. Erup-
tions and water floods generate continuous tremor that
is detectable by the seismic network. Tremor has
been used on numerous occasions in Iceland to fol-
low remotely a course of events during eruptive ac-
tivity. The beginning of the subglacial eruption in
Gjalp 1996 was, for example, determined on the ba-
sis of low-frequency tremor (Einarsson et al., 1997,
Gudmundsson et al., 1997), later verified by surveil-
lance from the air. The beginning of the flood from the
Grimsvotn caldera, when the meltwater of Gjalp was
released three weeks later, was also determined from
the high-frequency tremor detected by the analog seis-
mograph at Grimsfjall, on the caldera rim. The flood
emerged from the glacier edge about 10 hours later
and swept away the bridges on the main highway.

Another example of the use of tremor for moni-
toring is provided by the events on the east flank of
Katla volcano in July 2011, when a jokulhlaup from
the Myrdalsjokull glacier destroyed the bridge on the
main highway. The flood came from ice cauldrons
that collapsed in the glacier in response to basal melt-
ing. No signs of an eruption were seen at the surface
of the glacier. Two kinds of seismic tremor accom-
panied this event (Sgattoni et al., 2017; 2019). One
was clearly related to the water flow, the origin of the
other is still debated. Its spectral content and range
resembles that of the eruption tremor of the present
study.
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Tremor recorded during the 2010 eruption of
Eyjafjallajokull in S-Iceland was used for monitoring
of that important eruption from the glacier-covered
summit of the volcano (Benediktsdottir et al., 2022;
Caudron et al., 2022) that seriously disrupted air
traffic in Europe. The tremor during the eruption was
dominated by surface waves in the frequency range
0.5-2 Hz and was recorded in a wide area around the
volcano, similar to the eruption tremor we find from
Grimsvotn. Interestingly, it was observed that tremor
was less efficiently generated during times of purely
explosive activity than during times of mixed erup-
tion mode, when both explosive and effusive activity
occurred.

The Skaftd Cauldrons NW of Grimsvotn (Fig-
ure 1) provide yet another case of application of
tremor for monitoring. The cauldrons in the ice are
caused by basal melting of the glacier by geothermal
activity. The meltwater collects at the base of the
glacier and is released in substantial jokulhlaups ev-
ery 1-2 years. The Grimsvétn jokulhlaup of 2008 is
an interesting case for comparison with Skaftd jokul-
hlaups. A few days after the Grimsvdtn event a jok-
ulhlaup was also issued from the Eastern Skafta Caul-
dron (Figure 1). The flood reached a maximum at the
water level gauge 60 km downstream (at Sveinstindur)
at 6 h on October 11. It is commonly observed that
jokulhlaups from the E and W Skaftd Cauldrons are
followed by bursts of low-frequency tremor. One of
these bursts is seen on the Grimsfjall seismograph in
the afternoon of October 12 (Figure 8), superimposed
on the geothermal tremor following the Grimsvotn
jokulhlaup. The geothermal tremor increases on Oc-
tober 10 and is high until at least October 13. The
low-frequency peak from Skaft4d Cauldron stands out,
particularly on the low-frequency line (red), show-
ing that the Skaftd Cauldron tremor has significantly
lower frequency than the boiling tremor at Grimsvétn,
and is more similar to the eruption tremor. The ampli-
tude of the Skafta tremor pulse is also much higher
than that of the Grimsvotn geothermal tremor, espe-
cially considering the difference in distance.

The tremor observations from the Grimsvétn vol-
cano are special for the reason that the three kinds of
tremor can be separated in time and traced to separate
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sources. It is known whether and when an eruption
occurred. For the many cases of jokulhlaups from the
Skafta Cauldrons (Vanderhoof, 2023; Eibl et al. 2020)
and Katla 2011 (Sgattoni et al. 2017), for example,
this is not known. No signs of eruptions were visible
above the ice cover. It is not possible to exclude the
possibility that the tremor pulses at the end of Skafta
jokulhlaups are caused by small, subglacial eruptions.
If compared to the Grimsvétn tremor, they resemble
the eruption tremor rather than water or geothermal
tremor, both regarding the frequency and range of
recording. The same argumentation was applied by
Sgattoni et al. (2019) to conclude that a small sub-
glacial eruption may have occurred at Katla in 2011.
The source areas of the jokulhlaups at both Skaftd and
Katla are covered by a thick glacier (400-500 m) and
it would take a substantial eruption to break the sur-
face of the glacier. For comparison, it took 31 hours
for the powerful subglacial Gjélp eruption of 1996 to
reach the surface, through the 550 m thick ice (Gud-
mundsson et al., 2004). The tremor pulses at Skaftd
Cauldrons had duration of the order of an hour or less
and at Katla the tremor lasted 22 hours (Sgattoni et
al., 2017).

An interesting case for comparison with the Skafta
Cauldron jokulhlaups is provided by the jokulhlaup in
2013 from an ice-dammed lake within the caldera of
Kverkfjoll volcano (Figure 1). The flood apparently
triggered explosive activity in the geothermal area that
generated tremor pulses recorded to distances exceed-
ing 64 km (Montanaro et al. 2016).

CONCLUSIONS

By comparing different combinations of jokulhlaups
and eruptions of the Grimsvétn caldera with seismic
tremor observations during the period 1998-2011 a
pattern emerges that is exemplified by four events, the
jokulhlaups of 2004, 2008 and 2010, and the eruptions
of 2004 and 2011. Three distinctly different types of
tremor are identified by their different spectral char-
acteristics and temporal relationships to the course of
events in the caldera.

1. Jokulhlaups from the Grimsvotn caldera lake are
accompanied by high-frequency tremor. The fre-
quency band is mostly between 2 and 9 Hz and the
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Figure 8. Tremorplot from the Grimsfjall seismograph October 616, 2008, showing the geothermal tremor from Grimsvétn
following the jokulhlaup from Grimsvotn with the tremor pulse from the E Skaftd Cauldron on October 12 superimposed.

— Ordagraf frd skjdlftastodinni d Grimsfjalli 6.—16. oktéber 2008 sem synir jardhitadréann frd Grimsvotnum i kjolfar jok-

ulhlaupsins tir Grimsvétnum. A grafinu sést einnig 6réapiils frd Eystri Skaftdrkatli sem vard 12. oktéber i kjélfar hlaups iir

katlinum.

amplitude increases as the outflow rate increases. The
amplitude decays rather rapidly with distance, and the
tremor is rarely seen on seismic stations outside the
glacier area.

2. When the water surface in the caldera lake falls be-
low a certain (but slightly variable) level a second type
of tremor sets in and is superimposed on the jokul-
hlaup tremor. The frequency band of this tremor is
between 2 and 6 Hz and this tremor has a rather short
range. It is rarely recorded outside the area of the
glacier. It remains after all water flow and eruptive
activity has ceased. Then it seems to be turned off
and on rather abruptly several times. This tremor has
several persistent spectral peaks. We postulate that
this tremor is caused by flash-boiling in the geother-
mal system of the caldera.

3. Eruptions are accompanied by a third kind of
tremor that sets in simultaneously with the eruptions.
The frequency band of the eruption tremor is 0.5-
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4.0 Hz and it has a significantly longer range than the
other types of tremor. It is recorded at stations out to
a distance of at least 100 km. The eruption tremor has
persistent spectral peaks, at least as recorded in the
nearfield at the station GRF on the caldera rim.

AGRIP

Eiginleikar skjalftaoroa i tengslum vid umbrot i
megineldstodinni { Grimsvotnum

Grimsvatnaeldstodin er medal virkustu eldstodva
landsins. Hun er ad mestu leyti hulin jokli. Auk
eldsumbrota er eldst6din pekkt fyrir aflmikid jardhita-
kerfi. Samspil jardhita, eldvirkni og jokulsins byd-
ur upp 4 fjolbreytilega hegdun og nattirufyrirbrigdi
sem 6vida er hagt ad rannsaka. Jardhitinn braedir jok-
ulinn og bredsluvatnid auk yfirbordsbradar af vatna-
svidi Grimsvatna safnast fyrir { 6skju eldstodvarinnar.
Vatnshadin vex par til vatnid bryst undir jokulstifluna
og ur verda jokulhlaup sem rydja sér leid undir joklin-
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um og koma undan honum 4 Skeidararsandi. Auk pess
safnast kvika { kvikuholf eldstodvarinnar undir 6skj-
unni med reglubundnum hetti og leidir kvikuséfnunin
til eldgosa pegar dkvednum brystingi er ndd. Stundum
geta jokulhlaupin verkad eins og gikkur 4 eldvirkn-
ina. Ef kvikuprystingur er har getur prystingsleekkun
i 0skjuvatninu hleypt af stad eldgosi. Petta gerdist 1
gosunum 1922, 1934 og 2004. Jokulhlaup &ttu hins
vegar ekki patt { gosunum 1983, 1998 og 2011. Flest
hlaup verda pé an pess ad gos fylgi, t.d. 2008 og 2010.
Allri pessari virkni fylgir svokalladur skjalftaéroi, p.e.
stodugur titringur sem kemur fram 4 skjalftamalum.
Sérstaklega melist 6réinn vel 4 skjalftamali 4 Grims-
fjalli sem er stadsettur 4 oskjubarminum, rétt vid ttfall
vatnsflédanna tr 6skjunni. Borin hafa verid kennsl
4 amk. prjar tegundir af 6réa. Vegna pess hve fjol-
breytileg virknin { Grimsvétnum er mé tengja pessar
tegundir vid dkvednar tegundir virkni:

1. Vatnsoréi. Alltaf pegar koma jokulhlaup dr Grims-
votnum melist hatidniéréi sem fer vaxandi 1 byrjun
med reglubundnum hetti. Hann hefur stundum verid
notadur sem fyrsta vidvorun um ad hlaup sé ad hefjast
ur Votnunum enda kemur hann fram 4 skjalftamel-
inum 4 Grimsfjalli talsvert 4dur en fl6dsins verdur
vart 4 Skeidararsandi. Vatnsordinn er frekar skamm-
dreegur og sést illa eda ekki 4 skjalftamelum utan
Vatnajokuls.

2. Jarohitaoréi. Néanast alltaf pegar hlaup koma tr
Grimsvotnum kemur fram onnur tegund 6réa sem
hvorki tengist vatnsrennsli né gosvirkni. Petta er ha-
tid0niéréi med nokkud stodugu utslagi sem vex og
minnkar skyndilega, nastum eins og slokkt sé og
kveikt 4 honum 4 vixl. Oréinn byrjar nokkud snogg-
lega pegar vatnsbord Grimsvatna hefur sigid 10-30 m.
Petta dstand getur varad { allmarga daga eftir ad hlaup
og gos eru um gard gengin. Giskad hefur verid 4
ad pessi 6r6i tengist hvellsudu { jardhitakerfi Grims-
vatna. Pessi tegund 6rda, jardhitadroi, er einnig frekar
skammdraeg og kemur litid eda ekki fram 4 malum
utan Vatnajokuls.

3. Gosoroi. Pegar eldgos hefst md sj4 4 skjalftamalum
pridju demigerda tegund 6rda, goséréa. Hann hef-
ur frekar laga tidni og m4a pannig adgreina frd baedi
vatnséréanum og jardhitadéréanum. Hann hefur ekki
melst nema pegar eldgos eru uppi, t.d. 2004 og 2011.
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Gosoréi berst lengra fra upptokum sinum en hinar teg-
undirnar tveer. Hann getur melst langt ut fyrir mork
Vatnajokuls. Par redur tidni hans nokkru, en 6nnur
dhrif getu komid til, svo sem jardlagaskipan og dypi
upptaka érdans.
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