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Abstract — The formation of the island of Surtsey over 3.5 years, remains one of the best-documented volcanic,
island-forming eruptions to date. The basaltic submarine volcanic activity was detected on November 14, 1963,
where ocean depth was 130 m prior to the eruption at the southern end of the Vestmannaeyjar archipelago. The
eruptions occurred in several phases involving explosive and effusive activity, including the initial submarine
phase on November 12—13, 1963. Separate phases of subaerial volcanic activity occurred during November
14, 1963—January 1964, January-April 1964, April 1964—May 1965, May—October 1965, December 1965—
August 1966, and August 1966—June 1967. Seismic data quality from this period is inferior compared to that
of modern monitoring systems. Four permanent seismic stations were operated in Iceland at the time, whereof
only two, located at 115 and 140 km distance, had the sensitivity to record tremor from Surtsey. Nevertheless,
the scanned analog seismograms (http://seismis.hi.is/) show that the eruptive activity was accompanied by
considerable seismic activity, both earthquakes, and volcanic tremor. Earthquakes were primarily associated
with changes in vent location. Both spasmodic and harmonic tremor was identified, both with low (<3 Hz) and
higher (3-5 Hz) characteristic frequencies. The results indicate a complicated relationship between tremor and
magma flow rate or style of activity. During the explosive eruption, the highest magma flow rates occurred in
the first 10-20 days, a period with little observed tremor. The highest tremor is observed in December 1963—
March 1964, after the discharge rates had dropped substantially, and on a timescale of hours-to-days, no clear
relationship between tremor and eruption style is observed. The same applies to the effusive activity, where no
seismic tremor was observed during most of the effusive eruption of Surtungur, despite the fact that magma flow
rates were ~3 times higher than during later phases where some tremor was observed.

Keywords: Submarine volcanism, eruption precursors, volcanic tremor, precursory tremor, continuous uprush
eruptions

INTRODUCTION

Magmatic events, both intrusions and eruptions, are
accompanied by characteristic seismic patterns (e.g.,
Brandsdottir and Einarsson 1992; McNutt and Ro-
man 2015). Recent studies confirm that all eruptions
in Iceland in the last decades have been preceded by
swarms of microearthquakes and short-term seismic
precursors (Einarsson, 2018). The characteristics of
such activity vary and are not the same for all vol-
canoes. Moreover, individual volcanoes may not al-
ways behave in the same way, calling for studies of
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multiple eruptive cycles to characterize the seismic
precursors to an eruption, which may not be feasible
where eruptions happen only infrequently (Unglert
and Jellinek, 2015). High precision digital records
of seismicity, including earthquakes and tremor, ex-
ist for various events over the last few decades and
great advances have been made in analysis of such
phenomena at volcanoes (e.g., McNutt and Roman,
2015 and references therein). However, seismic data
collected during some notable events from the early
days of seismic analog recordings, although of infe-
rior quality compared to modern-day seismographs,
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may also provide useful insight. One such eruption
of distinct character, where analog seismic data exist,
is the 3.5-year long Surtsey eruption in 1963-1967.
The eruption occurred off the south coast of Iceland at
the southern end of the Vestmannaeyjar archipelago of
Iceland’s Eastern Volcanic Zone (Figure 1). Approx-
imately 1.1-1.2 km?® bulk volume of lava and tephra
were erupted (Thorarinsson, 1968; Olafsson, 2021).
The eruption had several eruption episodes at differ-
ent vents and included shallow to emergent Surtseyan
explosive activity and long periods of effusive activity
of varying magnitude that was well documented (e.g.,
Thorarinsson et al., 1964; Thorarinsson, 1968).

There was no seismograph in Vestmannaeyjar
at the time of the eruption onset. The four per-
manent stations operated in Iceland at that time
were located at a considerable distance from the
eruption site (80-291 km, see below). The net-
work was operated by the Icelandic Meteorologi-
cal Office, where the seismic records were analyzed,
and the results published (Icelandic Meteorological
Office 1970,1978,1979a,1979b,1980). Sigtryggsson
and Sigurdsson (1966) noted the occurrence of tremor
and earthquakes in November and December of 1963.
An array of short-period seismograph was installed in
Surtsey in the summer of 1966. This array recorded
earthquake swarms associated with the cessation of
the last explosive phase of the Surtsey eruptions
(J6lnir) and the beginning of the final lava effusion
on the island (Einarsson, 1974).

In 2017 a drilling program was carried out on
Surtsey with multiple aims of detailed studies of the
island’s structure and evolution under the umbrella of
the SUSTAIN project (Jackson et al., 2019; Weisen-
berger et al., 2019). This work has provided new in-
sight into various aspects of the formation and evolu-
tion of Surtsey, including the structure and existence
of a diatreme under the main crater (Jackson et al.,
2019), the progressive alteration of the volcanic rocks
within the edifice (Prause et al., 2020), the geother-
mal system (Kleine et al., 2020; Perez Romero, 2019)
and subsurface microbiology (Bergsten et al., 2021).
In this context, analyses of previously poorly studied
aspects of the formation of Surtsey and associated vol-
canic activity can provide useful insight.
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Seismicity related to volcanic activity is conven-
tionally divided into earthquakes, i.e., sudden events
with clear beginning and end, and volcanic tremor,
characterized by sustained vibrations of the ground
for minutes, hours or days or longer, without a sharp
onset. The seismic activity preceding visible erup-
tion and the earthquakes detected during the Surtsey
eruption in 1963-1967 were analyzed and interpreted
by Sayyadi et al. (2021). The analysis suggests that
the eruption was preceded by earthquakes >M2.5, a
week before the beginning of the eruption. Subse-
quent earthquake swarms were primarily associated
with shifts in the eruption sites. The present paper
is complimentary to Sayyadi et al. (2021) and fo-
cusses on the observations of volcanic tremor during
the eruption. We explore the relationship between
seismic tremor and a few well-constrained cases of
the style of eruptive activity, notably continuous up-
rush, periods of cockscomb explosions, and gaps in
visible eruption during the main explosive phase in
November-December 1963. This re-analysis of the
seismic records is greatly facilitated by the Seis-
mis project, where historic analog seismograms of
the Icelandic seismograph station have been scanned
and made available through a webpage: seismis.hi.is
(Einarsson and Jakobsson, 2021).

PHASES OF THE ERUPTION

Seven episodes of activity for the Surtsey eruption
may be identified, based on changes in phases and
activities at the five active vents Surtur, Surtla, Surt-
ungur, Syrtlingur, and J6lnir during the years 1963—
1967 leading to the creation of the new island of
Surtsey (Figure 1):

*Onset of the eruption. — Explosive eruption of Surtur crater,
Nov. 1963-Jan. 1964.

*Submarine eruption of Surtla, Dec. 1963—Jan. 1964.
eFormation of the parasitic cone of Surtungur, Jan.—
April 1964.

e[ ava effusion from Surtungur, April 1964—May 1965.
eFormation of the temporary island of Syrtlingur, May—
Oct. 1965.

eFormation of the temporary island of J6lnir, Dec. 1965—
August 1966.

eLava effusion from Surtur crater, August 1966—June 1967.
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Figure 1. a) The Vestmannaeyjar archipelago off the south coast of Iceland. b) Map of the Surtsey volcano with
its five different eruption sites that were active at different times during 1963-1967 (bathymetry: Jakobsson et
al., 2009). The two tuff cones (Surtur and Surtungur) and the later-formed effusive craters are indicated. c) The
timeline and nature of different phases of the Surtsey eruptions in 1963—-1967 (Thorarinsson et al., 1964; and
Thorarinsson 1965, 1966, 1967, 1968; Sayyadi et al., 2021). — a) Kort af Vestmannaeyjum. b) Kort af Surtsey og
gosopunum sem voru virk d mismunandi timum 1963—1967 (dyptarkort: Jakobsson og fl., 2009). Oskugigarnir
tveir, Surtur og Surtungur eru syndir, einnig hraungigarnir sem myndudust sidar. c) Atburdards gosanna i og
vid Surtsey d timalinu (Thorarinsson og fl., 1964; og Thorarinsson 1965, 1966, 1967, 1968).

TERMINOLOGY AND
CLASSIFICATION OF VOLCANIC
TREMOR SIGNALS

Magmatic activity is one of the natural processes
that can generate continuous vibrations of the ground.
Other processes include e.g., wind, water flow in a
river, geothermal activity, waves on a shore, and swell
on an open ocean. Magmatic or volcanic tremor
has been described and classified by many authors
(Brandsdéttir and Einarsson, 1992; Chouet, 1992;
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McNutt, 1992; Minakami, 1974). Some classification
schemes refer to the appearance of the tremor on the
seismograms, such as "harmonic tremor", with a nar-
row frequency band and one characteristic frequency
in the range 1-10 Hz, dominating the record. The
contrasting example would be "spasmodic tremor",
with a broader frequency band and uneven amplitude.
"Banded tremor" is characterized by regular tempo-
ral amplitude modulation of the tremor, making reg-
ular bands on the analog drum seismograms. Other
schemes may use the volcanic process at work dur-
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ing the respective tremor episode as a basis for the
classification, such as "eruption tremor" or "intrusion
tremor”. Various driving mechanisms have been sug-
gested for the different types of volcanic tremor (AKki,
1984; Aki and Koyanagi, 1981; Dziak, 2002; Fehler,
1983; Fehler and Chouet, 1982; Koyanagi et al., 1987;
Sgattoni et al., 2016; Zuccarello et al., 2013) includ-
ing gas emission, turbulent magma flow, boiling in a
geothermal system, and water flow.

Harmonic tremor, according to Zobin (2012), is of-
ten observed during eruptions before and during ex-
plosive phases and may be related to stress variations
when magma rises in the earth’s crust. Low-frequency
earthquakes frequently accompany tremor at domi-
nant frequencies of 1-5 Hz. Phreatomagmatic pro-
cesses produce these in the crater of a volcano and
by the movement of lava and pyroclastic flows on its
slopes, as well as rockfalls (Zobin, 2012) . Most har-
monic tremor looks like an irregular sinusoid with fre-
quencies between 1 and 5 Hz.

Spasmodic tremor consists of pulses of higher fre-
quency, usually 5-10 Hz or higher. It has only been
recorded in relatively few volcanic areas, and no sig-
nals like these are known from non-volcanic regions
(McNutt, 1992). During the Krafla volcano-tectonic
episode in Iceland 1975-1984, spasmodic tremor was
observed during intrusive activity when dikes propa-
gated away from the central volcano’s magma cham-
ber (Einarsson and Brandsdottir, 2021). It may be
the expression of a very dense swarm of small earth-
quakes associated with the tip of a propagating dike.
In contrast, harmonic tremor was observed at Krafla
when the magma reached the surface in effusive erup-
tions (Brandsdéttir and Einarsson, 1992). At Krafla
the amplitude of the eruption tremor reflected the
intensity of the eruption. Several tremor signals
recorded by seismic and acoustic networks during
submarine eruptions suggest that other mechanisms
may be responsible for its generation, for example,
banded tremor in the Izu- Oshima eruption of 1986
(Hashimoto et al., 1989) and harmonic tremor on the
Volcano Islands arc south of Japan (Dziak, 2002).

Banded tremor is not observed in the records associ-
ated with the Surtsey eruption during 1963-1967 and
is not considered further here.
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DATA AND MONITORING SYSTEM

The four permanent seismic stations in Iceland during
the eruption were in Reykjavik (REY), Kirkjubzjar-
klaustur (SID), Vik { Myrdal (VIK), and Akureyri
(AKU). The location of each station, distance from
Surtsey, and the characteristics of the instruments
used are summarized in Figure 2 (Icelandic Meteo-
rological Office, 1970; Sigtryggsson and Sigurdsson,
1966).

Seismic station characteristics

The two stations in Reykjavik (REY) and Kirkju-
baejarklaustur (SID) had a much higher magnification
than the two older stations (Figure 2). The analy-
sis presented here is based on information obtained
from REY and SID. The older stations (AKU and
VIK) with early 20th century Mainka seismographs
(Sigtryggsson and Sigurdsson, 1966; Sayyadi et al.,
2021) of low magnification, do not contain signals
useful for this project. The seismograms were written
on paper sheets fastened on rotating drums, giving
time resolution of 1 mm/second. The dynamic range
of such records is low and for the observed tremor
during first 150 days of eruption is estimated in the
range 6 dB (low frequency) to 12 dB (high frequency
and spasmodic). Moreover, resolving frequencies
above 1 Hz is not possible. The waveforms at high
frequencies of local earthquakes are therefore lost,
even though arrival times of body waves and magni-
tude of the earthquakes can be determined with fair
accuracy. For volcanic tremor only low-frequency
(1-5 Hz) or harmonic tremor can be resolved on the
seismograms. The high-frequency waveforms are al-
ready lost in the recording process, so they cannot be
reconstructed from these records. The type of tremor
and the dominant frequency can, however, be deter-
mined. Considering the passband of seismographs,
the course of events and relative wave amplitude can
be assessed. The Wilmore seismograph at SID sta-
tion had a wide passband (4-25 Hz) compared to the
Sprengnether sensors in Reykjavik, both N-S and Z
components. For more details on the seismic network
at this time see Sayyadi et al. (2021) and Einarsson
and Jakobsson (2020).
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Surtsey eruption, 1963—1967

Akureyri (AKU)

Instrument components : N
Pass Band: 3.5-4.0 HZ
Maximum Magnification : 75-100

Kirkjubaejarklaustur (SID)
Instrument components : Z
Pass Band: 4-25 HZ

Maximum Magnification : 16000

Vik i Myrdal (VIK)

Instrument components : N
Pass Band: 4.0-4.6 HZ
Maximum Magnification : 60-70

Reykjavik (REY)

Instrument components : N,Z

Pass Band: 1-6 HZ ( N component),
1-5 HZ (Z component)

Maximum Magnification : 500-4000

Figure 2. Seismic stations operating in 1963-1967, their characteristics, location, and distances from Surtsey
(Icelandic Meteorological Office, 1970; Sigtryggsson and Sigurdsson, 1966). Modified from Sayyadi et al.
(2021). — Skjdlftameelistodvar d timabilinu 1963—-1967, eiginleikar meelanna, stadsetning og fjarlegd peirra
frd Surtsey (Sigtryggsson og Sigurdsson, 1966; Vedurstofa Islands, 1970). Mynd frd Sayyadi og fl., (2021) med

breytingum.

THE RELATIONSHIP BETWEEN
SEISMIC TREMOR AND EPISODES IN
THE ERUPTION

Tremor was repeatedly recorded during the eruptions.
The types of tremors observed, and their domain of
frequencies are categorized in three groups (Table
1). The dominating tremor frequency changed dur-
ing the eruptions and different types of tremors were
observed (Figure 3), which can be related to different
sources. Many cases are known where magma em-
placement within conduits or formation of lava domes
has produced volcanic tremor of medium to high am-
plitude that is strong enough to be observed at sta-
tions farther from source than the 137 km between

Surtsey and the SID station (e.g., Ardmbula-Mendoza
et al., 2016; Brandsdéttir and Einarsson 1992; Einars-
son 2018).

The onset of seismic disturbance with the charac-
teristics of low frequency volcanic tremor, detected
on November 12 at SID between 12:00 and 14:00, is
considered to mark the onset of submarine volcanic
activity, about 40 hours before the eruption was first
observed at the surface (Sayyadi ez al., 2021). During
the submarine eruption on November 13, low fre-
quency (<3 Hz) harmonic tremor was observed, but
only minor indications of tremor were detected from
the seismogram of the following day despite the onset
of explosive subaerial activity (Figure 4).

Table 1. Types of tremor and their domains of frequency. — Tegund orda og tidnisvio.

Type of tremor ‘ Frequency domain ‘ Amplitude
Harmonic  Low frequency | <3 Hz Slowly varying
High frequency | 3-5 Hz
Spasmodic 5-15Hz Rapidly varying
(Broad band) pulses of high frequency, 5-10 Hz
periodic bursts separated by quiescence
of uniform duration >10 Hz
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Figure 3. Types of observed tremor. a) Harmonic low frequency tremor at REY station. b) Harmonic high
frequency volcanic tremor at REY station. ¢) Spasmodic tremor at SID station. d) Burst of mixture of harmonic
high frequency with spasmodic tremor at SID station. — Tegundir éroa. a) Hreintonadroi med ldgri megintioni d
skjdlftariti frd Reykjavik. b) Hreintonaoroi af hdrri tioni d skjdlftariti frd Reykjavik. c) Krampaoréi d skjdlftariti
frd Kirkjubeejarklaustri. d) Blandadur 6réi, beedi krampa- og hreintona d skjdlftariti frd Kirkjubeejarklaustri.

The next burst of low-frequency tremor after the
eruption broke through the ocean surface on Novem-
ber 14 was recorded some hours before and after the
time of continuous uprush at the vent at 15:00 on
November 23 (day 9). A few days later, on Decem-
ber 1 (day 17), high-frequency tremor appeared on the
SID records while an explosive eruption at Surtur was
going on. Tremor continued throughout the period of
activity at Surtla in December 1963.
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As the active vent switched to Surtungur on Febru-
ary 1, 1964 (day 79), low-frequency tremor disap-
peared, and spasmodic tremor was first observed.
During the period April 29-July 9, 1964, no surface
flow of lava was observed in Surtungur although a
lava pond with some activity remained in the crater
(Thorarinsson 1967a). Spasmodic tremor continued
through this period of no surface flow but disappeared
on July 9, 1964 (day 238), when the surface effusive
eruption began again from Surtungur (Figure 5).
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Figure 4. a) Bursts of low frequency harmonic tremor at SID on November 13, 1963, between 13:20 and 16:10
UTC, around 17 hours before the first observation of eruption in the sea and about 22-23 hours after tremor
was first detected in the early afternoon of November 12, considered to mark the start of submarine eruption
(Sayyadi et al., 2021). b) Seismic records on the first day of the eruption at SID station. The inset shows
the eruption at 10:30 AM on November 14. — a) Hvidur af hreintonadroa af ldgri tioni sjdst d skjdlftariti frd
Kirkjubcejarklaustri 13. november 1963, milli klukkan 13:20 og 16:10, um pad bil 17 klukkustundum ddur en
gosid sdst d yfirbordi sjdvar (Sayyadi og fl. 2021). Nokkud samfelldur oroi hofst po fyrr, eda stuttu eftir hddegi
12. november og markar hann ad likindum byrjun nedansjdvargossins. b) Skjdlftarit frd Kirkjubcejarklaustri
fyrsta gosdaginn. Ljosmynd S. Einarssonar er tekin klukkan 10:30, 14. névember.

Effusive activity at Surtungur continued until May
10, 1965 (day 543). This 10-month long phase was
one of seismic tranquility; there is no record of any
seismic activity between the end of July 1964 and
May 10, 1965 (day 543), when lava effusion ended
at Surtungur.
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The intrusive phase of the Syrtlingur eruption was
characterized by spasmodic tremor, first observed on
May 17, 1965 (day 550). However, the explosive
activity during the Syrtlingur eruption, was mainly
accompanied by high-frequency tremor (Figure 5).
Eruptive activity in Syrtlingur ended on October 18,
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Figure 5. Timeline of earthquakes (a) and tremor signals (b) during the 3.5 years of eruptions. The colored
areas in (b) mark periods where the tremor of the type indicated occurred. Within each period episodes of

tremor alternated with intervals of no visible seismic

activity. Earthquake data from Sayyadi ef al. (2021). —

Timalina jardskjdlfta (a) og oréa (b) medan d gosum stod 1963—1967. Litudu reitirnir i (b) syna hvers konar
oroi meeldist. Jardskjdlftagognin eru samkvemt Sayyadi og fl. (2021).

1965 (day 704) and the island soon disappeared. In
the 70 days that followed (days 703-773) no vol-
canic activity was observed on the surface. During
this period earthquakes were detected, considered to
mark the intrusive and/or submarine volcanic activity
preceding the visible eruption at Jélnir that reached
the ocean surface around December 26, 1965 (Tho-
rarinsson, 1966; Sayyadi er al., 2021). Moreover,
low-frequency tremor was seen during the intrusive
and submarine eruption (days 713-772). Spasmodic
tremor was occasionally observed during the explo-
sive eruption that followed at J6lnir and in the days
after cessation of explosive activity on August 10
(day 1000). Compared to the Syrtlingur activity, seis-
mic signals during the J6lnir eruption were of slightly
lower intensity.
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On August 19, 1966 (day 1009), the third phase
of effusive activity started at the eastern crater, Sur-
tur, forming lava. Bursts of spasmodic tremor were
observed and continued until August 31 (day 1021).
From January 1 to 8, 1967 (day 1144-1151), the effu-
sive eruption was briefly intensified by the opening of
new minor fissures at the rims of the Surtur tuff cone.
On January 27 (day 1170), two minor vents opened
along short concentric fissures on the inner wall of the
Surtur tuff cone. These rim-fissures were short-lived
and produced minor amounts of lava. Finally, June
7, 1967 (day 1301) was the last day when molten lava
was observed on the island. Occasional bursts of spas-
modic tremor were detected from January 1 until June
31, 1967 (day 1144 to 1325).
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Tremor signals and style of explosive activity

During the 4.5 months of explosive activity 1963-64,
no instruments could be deployed on the island and
direct observations could only be made from ships or
aircraft. Visual observations were as a result not con-
tinuous and depended on weather. This limits the pos-
sibility of comprehensive analysis. However, the main
characteristics of activity could be identified and some
periods exist where timing and styles of activity were
recorded (Thorarinsson ef al., 1964).

Two types of volcanic activity were frequently
observed during the explosive phases: tephra-finger
(cock’s tail) explosions and "continuous uprush" ex-
plosive eruptions (Thorarinsson et al., 1964). Tephra
finger explosions occurred when there was easy ac-
cess for water to vents. Sometimes when the access of
the sea to the vent was restricted with the formation of
a thick tephra wall, continuous uprush eruptions ap-
peared. They could go on continuously for several
hours. Apparently, as the uprush eruption progressed,
the pressure exerted on the conduit walls from the
magma decreased, increasing the risk of the conduit
collapsing inwards (Moore, 1985).

Continuous uprush eruptions were sometimes fol-
lowed by gaps in activity lasting several minutes to
hours. Thorarinsson et al. (1964) gave some timings
of the abrupt end of uprush, the length of time which
the following inactivity lasted and the gradual onset of
explosive activity following such a gap. Moore (1985)
also indicates some of the continuous uprush events
based on available photos.

Characteristic maximum amplitude of SID
records was analyzed for three periods in Nov.—Dec.
1963 (Figure 6), during the explosive phase of Surtur.
On 16-18 December, at 772-776 hours (time since
visible start of the eruption on November 14), a con-
tinuous uprush event with a duration of 3—4 hours
occurred (Figure 6¢). This was followed by 17 hours
of no visible activity. As the graph shows, there does
not appear to be any correlation between the uprush
activity and the seismic wave amplitude at SID over
the period studied. The tremor bursts were observed
at 766 hours and during the quiet period at 783-790
hours, showing no apparent correlation with the ex-
plosive eruption style. The same lack of correlation is
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apparent for the other two episodes, 23-28 November,
and 1-3 December 1963 (Figures 6a and 6b).

Seismic tremor and eruption rate

Although the observation of tremor was not continu-
ous, when observed, the highest amplitudes occurred
in the first 150 days, with all of the three types of
tremor bursts detected at Surtsey observed in this pe-
riod (low frequency, high frequency and spasmodic).
After July 9, 1964 (day 238), a significant gap oc-
curred with no observed tremor. The tremor was ob-
served again on May 17, 1965 (day 550), by the end
of effusive eruption at Surtungur and the onset of the
Syrtlingur eruption. By this time the occurrence of
detected tremors had decreased, and for long periods
it was hardly observed continuously. Thorarinsson et
al. (1964) and Thorarinsson (1966, 1967b, 1968) es-
timated the average eruption rates for different peri-
ods of the eruption, noting a slow decline with time.
By using lava bulk density of 2500 kg/m® and the
bulk density of the piles of pyroclasts formed dur-
ing the explosive phases of 1500 kg/m?, Thorarins-
son’s estimates can be converted to approximate time-
averaged discharge rates (TADR) using a dense rock
equivalent (DRE) of 2700 kg/m3. Values obtained
for TADR (Figure 7a) being 65 m?/s for 12-24 Nov.
1963, 25 m?/s for 24 Nov. 1963-1 February 1964,
13 m3/s for 1 Feb.—4 April 1964, 7-8 m3/s for April
1964-May 1965, and varying between 2 and 3 m®/s
for the period May 1965-June 1967 (Syrtlingur, J6lnir,
Surtur). Note that the TADR values for the first 15—
20 days are only displaying a part of the total erup-
tion rate, as they do not include the airborne tephra
fallout outside the island which was quite significant
in November-December 1963 (Thorarinsson et al.,
1964; Olafsson, 2021).

Duration and approximate amplitude plots of the
tremor in the first 150 days (Figures 7 b and c) show
discontinuous appearance of tremor in these first sev-
eral weeks which indicates that magma flow rate and
tremor relationship is not simple. Little tremor is de-
tected during the most vigorous activity in the first
20 days of the eruption (Figure 7). In contrast, the
strongest tremor is detected in December and at times
in January to March 1964. This indicates that it is
not primarily the magma flow rate that determines the

29



Sayyadi et al.

0.16

0.144
0.124
0.104
0.084

(arbitrary unit)

<§ 0.064
0.044

Nov 23 00:00

0.02

Strong winds
Nov 25 00:00

175 180 185 190 195
0.16

200 205 210 215 220

o
AN

0.14+
0.124
0.10+
0.08+

(arbitrary unit)

<§ 0.06-
0.04-

AAANNNNNNNNNNNY

0.02

& JDec 1 00:00

0 385 390 395

0.16

400

405 410 415 420

0.144
0.124
0.104
0.084

(arbitrary unit)

<‘§ 0.064
0.04-

Dec 16 00:00

0.02

7

Tremor
No visible eruption
Continuous uprush

Dec 18 00:00

7

765 770 775 780

785 790 795 800

= 4
(=

805 8

Time relative to start of visible eruption (hours)
Figure 6. Variation of characteristic seismic maximum amplitude (the wave-amplitude observed on the seis-
mograms excluding earthquakes) during selected periods in November—December 1963. a) 23-25 November.
b) 1-3 December. c¢) 16—18 December; period with the occurrence of continuous uprush, 17 hours of no vis-
ible activity followed by gradually increasing explosive activity. — a) Breytingar d mesta titslagi 6réa 23.-25.
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16.-18. desember 1963. A pessum tima var first sigos, pd goshlé i 17 klukkustundir, og sidan heegt vaxandi

sprengivirkni.

tremor intensity in this explosive part of the eruption,
possibly vent conditions (geometry, magma-water in-
teraction, or the absence of it, etc.) are far more influ-
ential in determining the intensity of tremor activity
than the magma flow rate.

The complicated relationship between eruption
rate and tremor is further highlighted by the lack of
observation of tremor during the effusive eruption be-
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tween July 1964 and May 1965, when the TADR was
7-8 m3/s, while it was observed in the final year of
effusive eruption when the TADR was only 2-3 m3/s.

In the short term (hours-days), apparently no cor-
relation is observed as demonstrated above for the
episodes of explosive activity in November-December
1963 (Figure 6). This lack of correlation for e.g., 16—
18 December 1963 may indicate that during the ex-
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Figure 7. Eruption rate versus tremor intensity for the first 150 days of eruption, November1963—April 1964.
a) Buildup rate for the first 150 days (Thorarinsson et al., 1964; Olafsson, 2021). A DRE-equivalent volume is
used assuming loose tuff density of 1500 kg/m?, lava density of 2500 kg/m® and DRE density of 2700 kg/m?.
b) Tremor intensity for the first 150 days of eruption. c¢) Daily tremor duration during first 150 days of eruption,
in hours per 24 h. — Framleidni gosefna og oroinn fyrstu 150 daga gossins. a) Upphledsluhradi, reiknadur tit
frd edlismassa mobergstiffs 1500 kg/m>, edlismassa hrauns 2500 kg/m?3, og DRE 2700 kg/m®. b) Styrkur éréa.

c) Varandi oréa d solarhring, 1 klukkustundum.

plosive eruption magma was continuously rising in
the conduit despite gaps in activity on the surface.
Throughout the continuous uprush episodes, the con-
duit is apparently excavated to progressively deeper
levels while there remains external water access to
magma. This may suggest that the uprush activity
eventually stops when either (1) the water in the con-
duit dries up, and therefore no longer has access to
the magma, resulting in cessation of phreatomagmatic
fragmentation, or (2) the conduit is flooded by wa-
ter after a period of progressively deeper excavation

JOKULL No. 72, 2022

of the magma, resulting in a sudden increase in con-
fining pressure exerted on the magma-water interface
from the overlying water column. Such a sudden in-
crease in water pressure may inhibit magma-coolant
interaction and therefore temporarily prevent ener-
getic fragmentation (e.g., Zimanowski and Buttner,
2003). In this case, magma needs to rise in the con-
duit to near the surface before the hydrostatic pressure
has become sufficiently small to allow for explosive
phreatomagmatic fragmentation to begin again. Both
of these processes (1 and 2) can be reconciled with
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continuous flow of magma from below. However,
the second hypothesis seems more plausible, since, as
pointed out by Moore (1985), it is difficult to see how
a hundreds-of-meters deep conduit, dammed by a per-
meable pile of pyroclastic material, can remain water
free for extended periods in this oceanic setting.

SUMMARY AND CONCLUSIONS

The inherent limitations of our observations of old
analog data preclude a detailed interpretation of the
tremor signal in terms of eruption dynamics. How-
ever, they provide useful lessons on the relationship
between eruption behavior and tremor signals.

*The strongest tremor signals occur during the early
periods of activity, when eruption rate was highest,
indicating a broad correlation between tremor inten-
sity and eruption rate. Due to the limited bandwidth
and analog nature of the instruments, any connection
between tremor amplitude and frequency content is
difficult to assess.

*On shorter timescales of minutes to hours, correla-
tions between eruption rate and style of eruption are
not apparent.

*During the explosive phase of Surtur, comparisons
between seismic tremor occurrence and visible ac-
tivity indicate that magma flow from below was
more or less continuous. Gaps in visible activity
sometimes following episodes of continuous uprush
may have been caused by seawater entering a partly
excavated conduit, temporarily preventing powerful
phreatomagmatic fragmentation.

Thus, the tremor was at least at times not cor-
related with shallow vent-processes. This illustrates
the complicated nature of seismic tremor in volcanic
eruptions.
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Eldvirkniéréi i Surtseyjargosinu 1963-1967

Af peim nedansjavargosum sem myndad hafa eyjar er
Surtseyjargosid liklega einna mest rannsakad. Ned-
ansjavargossins vard fyrst vart 14. névember 1963.
Gosstadurinn var & um 130 m hafdypi sunnan Vest-
mannaeyja. A peim 3%, drum sem gosvirknin st6d
myndudust prjar eyjar en tvaer peirra eyddust fljétt
vegan sjavarrofs og eftir st6d Surtsey ein. Gosvirknin
var kaflaskipt og skiptust 4 sprengigos og hraungos.
Fyrsti kafli var nedansjavargosid en bedi 6rdinn og
hitafravik { sjéonum (Sayyadi og fl., 2021) benda til
pess ad pad hafi hafist 12. névember, p.e., nokkru 4dur
en gosid sast upp ur sjo. Adrir kaflar stédu fra 14. név-
ember 1963 til jantar 1964, {r4 januar til april 1964,
fra april 1964 til mai 1965, frd mai til oktober 1965,
desember 1965 til 4gist 1966, og dguist 1966 til jini
1967. Gosunum fylgdi talsverd skjélftavirkni, badi
jardskjalftar og eldvirkniéréi. Rannséknir 4 skjalfta-
virkninni eru nokkrum erfidleikum bundnar af tvenn-
um orsokum: Skjalftamelakerfi landsins var ennpa
fremur frumstaett og atburdirnir gerdust utan mela-
netsins. Fjorir skjdlftamelar voru 4 landinu og ein-
ungis tveir peirra voru ndgu nalegt til pess ad syna
virknina greinilega. Gogn fra pessum malum eru nd
adgengileg 4 vefsidunni http://seismis.hi.is/ og voru
notud til rannséknar 4 skjalftavirkninni. Jardskjalftar
urdu flestir { tengslum vid breytingar 4 gosinu, peg-
ar virknin heetti 4 einum stad og ték sig upp 4 nyjum.
Eldvirkniéréi sast 4 melunum { Reykjavik, { 140 km
fjarleegd fra Surtsey og 4 Kirkjubeajarklaustri{ 115 km
fjarlegd. Ordi af ad minnsta kosti tveimur gerdum
meldist, annars vegar svokalladur krampadréi (spas-
modic tremor) sem gjarnan fylgir innskotavirkni, og
hins vegar hreinténadréi (harmonic tremor) sem oft
melist pegar gos er uppi. B&di maldist hreinténadréi
med lagri megintidni (< 3 Hz) og heerri (3—5 Hz). Ekki
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var haegt ad greina einfalt samband milli ttslags 6r6-
ans og virkninnar { gosinu, hvorki { sprengigosunum
né hraungosunum. I fyrsta sprengigosakaflanum var
framleidni gosefna mest fyrstu 10-20 dagana, en pa
meldist 1itill 6ré6i. Mestur 6réi meldist fra desember
1963 til mars 1964 en pa hafdi talsvert dregid dr fram-
leidni gossins. Ekki var heldur haegt ad sja tengsl 6r6-
ans vid hegdun gossins fra degi til dags. Svipada sogu
er ad segja af hraungosakdflum. Enginn 6réi meald-
ist 1 tengslum vid hraungos { Surtungi 1964-1965 p6
framleidni gossins par veri prisvar sinnum meiri en {
sidari hraungosakoflum, pegar 6réi var greinilegur.
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