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On the rate of lava- and tephra production and the upward
migration of magma in four Icelandic eruptions

By Sicurbur THoRARINSSON, Reykjavik *)
With 8 figures and 2 tables
Dedicated to Professor Dr. A. Rrrrmann on the occasion of his 75. birthday

Zusammenfassung

.Die Rate der Lavafoérderung bei drei islindischen Spalteneruptionen (Laka-
gigar 1783, Hekla 1947, Askja 1961) wird errechnet, und es wird versucht, einen
Anniherungswert zu gewinnen iiber die Rate der Lavaférderung, bezogen auf
Linge und Weite der Zufiihrungsspalten und die Rate der Aufwirtsbewegung
des Magma durch die Spalten. Die Ergebnisse sind in Tafel 2 zusammengefaB3t.
Die darin angegebenen Zahlen fiir die maximale Aufwirtsbewegung sollten als
Minimum aufgefaf3t werden. Als Vergleich mit den hauptsichlich Lava fiithren-

*) Anschrift des Verfassers: Dr. S. Tuorarinsson, Dept. of Geology and Geo-
grapy, Museum of Natural History, P. O. Box 532, Reykjavik, Island.
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den Spalteneruptionen wird die Tephraproduktion der sauren und hochexplosiven
Askja Eruption von 1875 behandelt. Bisher wurde angenommen, dal} die enorme
Menge Tephra — ungefihr 2 kms3, die diese Eruption in 8!z Stunden her-
vorbrachte — ausschlieBlich aus dem Viti Krater kam; aber in Anbetracht seines
geringen Durchmessers scheint es wahrscheinlich, daB die sehr feinkérnige
Tephra, die wihrend der ersten Stunden der Eruption entstand, teilweise von
nahegelegenen Spalten ausgeworfen wurde, die jetzt vom Oskjuvatn-See be-
deckt sind.
Abstract

The rate of the lava production of three Icelandic fissure eruptions (Lakagigar
1783, Hekla 1947, Askja 1961) is calculated and an attempt is made at a
reasonable approximation of the rate of lava production per length and width
of the feeding fissures and the rate of upward migration of the magma through
the fissures. The results are summed up in Table 2. The figures for the
maximum upward migration there presented should be regarded as minimum
figures. As a comparison with the mainly lava producing fissure eruptions the
tephra production of the acid and highly explosive Askja eruption of 1875 is
discussed. It has hitherto been assumed that the enormous amount of tephra,
about 2 km?, which was produced by this eruption in 8!/: hours, came entirely
from the Viti crater, but with regard to its small diameter it seems likely that
the very fine grained tephra produced during the first hours of the eruption
was partly expelled from nearby fissures now covered by Lake Oskjuvatn.

Résumé

La mesure de production de lave de trois éruptions fissurales de V'Islande
(Lakagigar 1783, Hekla 1947, Askja 1961) est calculée et il est essayé de rappro-
cher la mesure de cette production a4 légard de longueur et largeur des
fissures d’alimentation, et la mesure de la migration vers le haut du magma
par les fissures. Les résultats sont présentés au tableau 2. Les chiffres de la
migration maximum vers le haut doivent étre entendus comme minimum. En
comparaison avec V'éruption fissurale produisant principalement de la lave, la
téphra production de l'acide et fort explosive éruption de I’Askja de 1875 est
discutée. On a supposé jusqu'a présent que l'énorme masse de téphra, environ
2 km?, qui fut produite lors de cette éruption en 8!/ heures, provenait seule-
ment du cratére Viti; mais considérant son petit diameétre il est probable que
la téphra de grain fin fut en partie lancée par des fissures voisines et qui a
présent sont couvertes par le Lac Oskjuvatn.

EpaTtroe copepaanne

Buuncnena sopma noguATHA naBs TpeX ByaxaHoB (Lakagigar 1783; Hekla
1947; Askja 1961). Henaercs NOMBTKA UPUONU3UTEIHHO YCTAHOBUTH COOTHO-
IeHEe MeHAY KOJMYecTBOM BHOPOCA MPOMYKTOB M3BEPIKEHUA B 3aBUMCHMOCTH
OT JJMHL ¥ HIIPHHH TPEMIMH M KOJMYECTBOM MHUTPUPYIOMEHl MACCH MAarMbl
BBepX mo HEMM. JIiA cpaBHeHUA OGCYMKIAETCA KUCIHA B3PHBHOM BHIGpOC
BynkaHa Askja B 1875 r, mogHABIMI 1i1. 00pasoM MPORYKTH TeHPUTOR.

Many volcanic eruptions in Iceland and elsewhere have been rather
thoroughly described as regards the course of events. Yet relatively few
of these descriptions contain quantitative information enough to enable
approximate calculation of the speed of the upward migration of the
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magma through the feeding fissures or conduits during the eruptions. For
such a calculation we must know not only the production of lava, tephra and
gases as a function of time. We must also know the length and width of the
fissure if it is a linear eruption and the diameter of a circular conduit.

Iceland is the classical country of fissure eruptions, but only for three
of these do we have sufficient information for an attempt at a reasonable
approximation of the rate of lava production per given length and width
of the feeding fissure.

The widih of the feeding fissures

Let us first try to find out the probable width of the eruption fissures
in Iceland. It may be regarded as pretty certain that most of the country’s
numerous plateau basalt layers were extruded from fissures and that a lot
of the dykes so frequent in the plateau basalt areas are feeder dykes of
lava flows. G. WaLkER has measured the width of a great number of
dykes in East Iceland. These measurements have shown that in the
Reydarfjérdur area, on a 53km stretch from Gerpir to Grimsa there are
about 1000 dykes at.sea level with a total thickness of 8 km (WALKER
1959, Bopvarsson and WALKER 1964). 570 dykes measured more exactly
had an average thickness of 11 feet, individual dykes ranging from a few
inches to over 100 feet, but of these dykes only about 10% are wider than
6 m and nearly 40% are 2.5—4.5 m wide. In a 37 km strip of country in
the Berufjérdur area there are some 450 dykes with an aggregate thickness
of 2.8 km (Warker 1960), the average thickness thus 5.1 m and the
average of about 1450 dykes is thus about 3.7 m. In two places WALKER
found -lava in visible continuity with its dyke-feeder. In one of the cases
a 30 feet wide dyke in the other a 20 feet wide one were joined to their
respective flows. But we may assume that these dykes narrowed down-
wards. The present writer has studied a feeder dyke of a postglacial fissure
eruption in North Iceland which formed the 35 km long Sveinar crater
row. This dyke is exposed in the eastern wall of the Jokulsad canyon
which has been formed by erosion after the eruption occurred 7000 years
or so ago. The dyke can be followed for nearly 100 m down from the pre-
eruption surface (Fig. 1). At about 20 m depth below the surface the dyke
is about 7 m wide, widening upwards towards the surface and narrowing
a little downwards so that the width at the river level is little more than
4 m. The dyke is horizontally joined until it reaches the mouth of the vent
where columnar basalt of rosette structure gradually emerges into vertically
jointed lava. The lava is normal basalt lava.

From the above said we can conclude that the width of the feeder
dykes of Icelandic basalt lava flows varies a great deal, but it seems
reasonable to calculate with 4 m width of basalt lava producing fissures
at 100 to 200 m depth below. the surface. A. NoE-NYGaArD who has great
experience of the basalts of the Faroes has informed me that most dykes
there are 3—5 m wide. In the following I will calculate with 4 m width
of the basalt feeder dykes at 200 m depth.
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Fig. 1. Section through the Sveinar crater row in the E canyon wall of Jékulsa,
North Iceland. Drawn from a photograph by S. THORARINSSON.

Lakagigar 1783

By far the largest lava eruption ever witnessed by man is the Lakagigar
eruption of 1783. In the volcanological literature this eruption is usually
referred to as the Laki eruption which is somewhat misleading as Laki, a
“médberg” mountain situated near the middle of the nearly 25 km Ilong
crater row (cf. the map Fig.2) was not cut through by the eruption
fissure although it cuts into its flanks both from NE and SW (Fig.4). A
thorough and remarkably realistic description of this tremendous eruption
was written by an eyewitness, the reverend JON SteENGRiMssoN of
Prestsbakki. This description has unfortunately not been - translated
in extenso, but a good extract of it is found in TuoroDDsEN's “Geschichte
der islindischen Vulkane” together with a description of the Lakagigar
crater row, which has also been described by Pirssonx (1794), HELLAND
(1886), Anperson (1903), Reck (1908) and Sarrer (1910), but never
mapped in detail.

The eruption started on June 8, 1783. The initial phase produced a
great amount of tephra, although far from as much as THORODDSEN
estimated, and this tephra seems to be mainly the result of a tremendous
lava fountaining and thus not the result of a real explosive activity.

Until July 29 the lava flowed down the canyon of the river Skafta (cf.
the map), but on that day a violent activity of the same type as on the
first day began again and lava began to flow eastwards towards the
Hverfisfljot river. From Jon SteiNnGrimsson’s description it can be con-
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Fig. 2. Schematic map of the Lakagigar lava flows. (From Goprrey 1942.)

cluded as nearly certain that until July 29 only the part of the: fissure
which is SW of Mt. Laki opened up. After that only a small amount of
lava seems to have been emitted by the fissure SW of Laki.

According to THORODDSEN'S measurements verified by KjARTANSSON's
geological map (KyarranssoN 1962) the area of the Java that has flowed
from the Lakagigar fissure SW of Laki is about 370 km? and its volume
about 10 km?. Assuming that about 9.5 km? of lava was produced during
the period June 9-—July 29, that is in 50 days, we have an average
production of solidified lava of abcut 2200 m3/sec, which means that the
rate of flow where the lava left the vents was hardly less than 5000 m3/sec.
This is more than twice the average discharge of the river Rhine where it
flows into the Netherlands. Assuming as nearly certain that all this lava
flowed from the lLakagigar fissure SW of Laki, which has a length of
about 10 km, and calculating with an average fissure width of 4 m at a
depth of 200 m, where we can assume the vol. weight of the magma to
be of the same order as that of the solidified lava (cf. Moore 1965) the
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Fig. 3. Lakagigar. View.from Mount Laki over the south west part of the crater
row. Photo S. THORARINSSON.

Fig. 4. The Lakagigar fissure cuts into the SW flank of the Laki mountain
without cutting through it. Note the fault scarps in the mountain on both sides
of the fissure. Photo S. THORARINSSON.
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average upward migration of the magma through the fissure at that depth
during these 50 days has been about 6 cm/sec. We know from the con-
temporary descriptions that the rate of flow varied a great deal during
these 50 days and we may assume as likely that the maximum flow was at
least 10 times the average flow for so long a period, which brings us to
the figure of about 60 cm/sec for maximum upward migration. Further it
should be kept in mind that hardly did the 10 km long fissure pour out
lava in its entire length during the entire 50 days period, which means
that 60 cm/sec is nearly certainly a minimum figure for the maximum
upward migration. An analysis of the Lakagigar lava is shown in Table 1.
Its viscosity near the vents can be estimated to have been between 10?
and 10¢ poises.

Table 1
1. 2. 3. 4,
Lakagigar 1783 Hekla 1947 Askja 1961 Askja 1875

SiG, 49.55 5541 50.31 70.50
TiO, 2.84 1.60 2.98 0.75
ALO, 18.79 15.84 13.10 . 1270
Fe,0, 249 9,483 1.93 2.90
FeO 11.34 9.10 13.68 2.70
MnO 0.25 0.23 0.23 —
M,0 5.84 2.82 488 1.02
Ca0 10.63 6.93 8.87 3.02
Na,O 2.79 3.84 2.86 3.56
X,0 0.42 0.80 0.53 2.12
P,0; 0.30 0.40 0.27 —
H,0* 0.17 0.33 0.30 0.78
H,0O" 0.11 0.03 0.04 011
COo, 0.11 — — —
Total 100.63 99.76 99.98 99.46

1. Lava emitted from the SW part of the Lakagigar crater row. Sample collected
on the lowland (Hrier et al. 1966).

2. Lava from the beginning of July 1947 (Einarsson 1950).

3. Lava from the first day of the 1961 eruption (from TuorARINSsoN and SIGVAL-
DpAsON 1962).

4. Pumice collected in Askja (Horpe 1938).

Hekla 1947

The latest eruption of Hekla and its fourteenth one since Iceland became
settled, began on the morning of March 29, 1947, at 06:41 * 3 minutes IMT
(TrORARINSSON 1950, p. 20). The initial phase, lasting a little more than
one hour, was entirely explosive (Plinian). During the first half an hour
the production' of tephra, vol. weight 0.60, averaged 75000 m3/sec, and
calculated as solid lava it was 17 000 m3/sec. During the second half an
hour the corresponding figures were 22 000 m3/sec, vol. weight 0.80 and
6000 m?/sec (THORARINSSON 1954). Tephrochronological studies have re-
vealed that the figures for the production rates of the initial phase of
previous Hekla eruptions are similar. During the first hour or so of the
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Fig. 5. The Hekla lavas of the 1947/48 eruption: 1: Lava flows March 29—April 6, 1947. 2: Lava flows April 6,

eruption that began on Febr. 13, 1693 the production of tephra averaged
at least 60 000 m3/sec (TuorArINSsON 1967, p. 104).

The bulk of the tephra was whirled out from the crest craters of the
volcano. The tephra producing initial phase was succeeded by a phase
that after 8 o’clock was mainly lava producing. The fissure which splits
the Hekla ridge lengthwise then opened up to a length of nearly 4.5 km
and poured out lava in its entire length. Before midnight the lava had
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covered an area of some 18 km? and in accordance with T. EINARSSON
(1949, p.8) we can assume an average thickness of 5 m after reduction
to compact lava. We then get a volume of 90 x 10° m3 and lava production
of about 1560 m?/sec on the average. During this period the lava flow
on the whole was rapidly decreasing, probably steadily and not in steps,
and the max. production was probably about 4500 m?/sec compact lava.

Calculating with a fissure width of 4 m viz. a vent area of 18 000 m?
and assuming a steady How from the entire 4.5 km length of the fissure
we have an average upward migration of about 8 cm/sec during these
16 hours and a max. migration of about 25 cm/sec, both calculated for
the depth of some few hundred meters where the density of the magma
is similar to that of the lava. .

An analysis of the Hekla lava is shown in Table 1. On March 81
EiNarsson estimated the viscosity of the lava in one of the craters to be
somewhere between 10° and 107 poises (Emnarsson 1949 b, p.4). Its SiO,
content was then near 57%. In early November the SiO, content of the
lava had dropped to about 55% and the viscosity was then measured 104
poises.

Askja 1961

The eruption which to the writers knowledge gives the most reliable
information about the rate of upward migration is the fissure eruption
in Askja, Gentral Iceland, which began on Oct. 26, 1961. A detailed
description of this eruption is found in the monograph Askja on Fire
(THORARINSSON 1962, cf. also TmorarinssoN and SigvarpasonN 1961), The
eruption started at about 14:30 IMT, but observations indicate that lava
production on a big scale did not begin until about 15:00 IMT. Between
22:40 and 23:40 the writer was in an aeroplane over the volcano and from
photos taken and sketches made it proved possible to map rather exactly
the extent of the lava flow (Fig. 6). It was then 5.8 km? and its average
thickness after cooling probably about 3 m. (In THORARINSSON’S and SiG-
VALDASON’s paper the thickness is estimated at 4 m which is probably too
much). Thus the average production of lava between 15:00 and 23:00 was
approximately 600 m3/sec, and since the flow was obviously on the vane
during the hour we watched it from the plane, the maximum flow can be
assumed to have been considerably greater than the average flow during
these 8!/2 hours and the writer has estimated the max. rate of lava pro-
duction to have been not less than 1000 m3/sec of solid lava or about
2000 m3/sec of flow from the vent. The lava fountains reached about
200 m height.

The fissure that opened up in the Askja caldera and poured out this
lava was about 800 m in length, but it could be stated with certainty that
practically all the lava had been emitted from the eastern half of the
fissure, that is, from a fissure 400 m in length. Assuming a fissure width
of 4 m at the depth where the vol. weight of the magma is similar to that
of solidified lava flow, we get 35 cm/sec as an average speed of the
upward flow and about 60 cm/sec for the maximum flow.
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An analysis of the lava is given in Table 1. The viscosity during the
first day I would estimate at 10* poises.

The calculations, estimates and assumptions presented above are sum-
marized in the following Table.

Table 2
Lakagigar  Hekla Askja
1783 1947 1961
Length of fissure, m 10000 4 500 400
Assumed width of fissure, m 4 4 4
Time-span, hours 1200 16 81/s
Average prod. of lava, m%/sec 2200 1560 600
Average prod. of lava per 100 m fissure, m?/sec 22 35 150
Estim. max. prod. of lava, m%/sec 22 000 4500 1000
Estim. max. prod. of lava per 100 m fissure, m?/sec 220 115 250
Aver. upward migration of magma, cm/sec 8 8 .35
Estim. max. upward migration of magma, cm/sec 60 25 60
Si0, content of lava 50 57 50
Estimated viscosity of lava near the craters, poises  10° to 10* 108 to 107 10

As mentioned above the figures for the upward migration of magma
are estimated for such a depth below the surface that the density of the
magma is approximately the same as that of the solidified lava flow, which
means a depth of a few hundred meters. It must be underlined again that
the figures are only approximations and the longer the time-span and the
longer the fissures, the more likely the figures are to be too low. However,
they are based on sufficient factual information to be of some value.

Askja 1875

As a comparison I want to deal with one example of the uprush of
magma through a circular vent. There is only one Icelandic eruption
where we know the diameter of the vent sufficiently exactly for an attempt
at an approximation of the speed of uprush. This is the Askja eruption
March 28—29 1875, Contrary to the 1961 eruption this was a purely
explosive eruption and the tephra was rhyolitic (cf. Table 1). From
reliable contemporary records we can work out that the bulk of the tephra
was produced in 82 hours. Using isopach maps of the tephra fall in
Iceland and Norway-Sweden I have calculated that the volume of tephra
as freshly fallen was about 2 km3, corresponding to nearly 0.5 km3 of
dense rhyolitic rock (THORARINSSON 1963). It has been regarded as nearly
certain that all this tephra came from the circular crater Viti (Figs. 6—7)_
The diameter of this crater at 60 m depth'is about 70 m, area thus about
4000 m?, which may be regarded as an absolute maximum for the conduit
farther down. Assuming, that all the tephra came through a vent of that
width we have an average production of about 65 000 m3/sec, or like that
of Hekla 1947 during the first half an hour, and about 17 000 m3/sec
calculated as dense rock, which means that at the depth where the magma
had about the same density as rock the speed of the upward movement

715



Aufsitze

was about 4.5 my/sec. The production at its maximum was certainly
considerably higher than the average and these calculations have led the
present writer to doubt seriously that all the tephra really came through
the Viti crater. We cannot exclude the possibility that some material was
whirled cut from fissures that may have opened up in the Askja caldera
floor short south of the Viti crater, but that part of the floor had already
collapsed when Askja, in July 1875, was visited for the first time after
the great paroxysm.

Fig. 7. The Viti crater formed March 28—29 1875, and to its left Lake Gskjuvam
in the collapse caldera formed after the eruption. Photo P. Joxsson.

The highest speed of uprush measured in the Surtsey eruption while
it was phreatic is about 150 m/sec. Cautious estimates of the gas content
of the Askja magma lead to figures for the uprush in the Viti crater that
are two to three times higher and uprush of that velocity would in all
probability have eroded and widened the Viti crater much more than to
its present width. In this connection it is of interest to note that the tephra
that fell in East Iceland during the first hour of the tephra fall was fine
dust, but after that a coarse grained pumice began to fall. The bottom
layer of the tephra from the tremendous rhyolitic eruption of Oraefajokull
in 1362 is also very fine-grained (THomAmriNssON 19538). This means that
during the first hour or so of these eruptions the vesiculation of the magma
was so rapid that the magma was expelled as spray.
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In the Askja eruption at least some spray may have been expelled from
fissures south of the Viti crater, but there is hardly a doubt that the
pumice was expelled from Viti.

A remarkable consequence of the Askja eruption in 1875 was the for-
mation of a collapse caldera within Askja. This caldera was formed after
the paroxysm of March 28—29 by repeated engulfment and is situated
entirely south of the Viti crater which did not collapse (cf. Fig.7). The
volume of this caldera has now been thoroughly measured by S. Rist
(THoRARINSSON 1963) and is 1.9 km3, or about the same as the volume of

OSKIUVATN \

S.RIST 1903

! Dgpi i metrum
| Soundings in meters

Fig. 8. Bathymetric map of Oskjuvatn based on echo soundings by S. Risr,
July 1963. (From THoRARINSSON 1963).

the expelled tephra as freshly fallen, but the tephra had a vol. weight
not higher than 0.7. A priori one would think it likely that the volume of the
collapse caldera should roughly correspond to the volume of the chamber
emptied by the eruption. We are here led into speculations about the
possible conditions in a magma chamber at a shallow depth, but these
speculations are beyond the scope of this paper.
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