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Sulfur, chlorine, and fluorine degassing and atmospheric loading
by the 1783-1784 AD Laki (Skaftar Fires) eruption in Iceland
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Abstract The 1783-1784 Laki tholeiitic basalt fissure
eruption in Iceland was one of the greatest atmospheric
pollution events of the past 250 years, with widespread
effects in the northern hemisphere. The degassing his-
tory and volatile budget of this event are determined by
measurements of pre-eruption and residual contents of
sulfur, chlorine, and fluorine in the products of all
phases of the eruption. In fissure eruptions such as
Laki, degassing occurs in two stages: by explosive activ-
ity or lava fountaining at the vents, and from the lava as
it flows away from the vents. Using the measured sulfur
concentrations in glass inclusions in phenocrysts and in
groundmass glasses of quenched eruption products, we
calculate that the total accumulative atmospheric mass
loading of sulfur dioxide was 122 Mt over a period of 8
months. This volatile release is sufficient to have gener-
ated ~250 Mt of H,SO, aerosols, an amount which
agrees with an independent estimate of the Laki aero-
sol yield based on atmospheric turbidity measurements.
Most of this volatile mass (~60wt.%) was released
during the first 1.5 months of activity. The measured
chlorine and fluorine concentrations in the samples in-
dicate that the atmospheric loading of hydrochloric
acid and hydrofluoric acid was ~7.0 and 15.0 Mt, re-
spectively. Furthermore, ~75% of the volatile mass
dissolved by the Laki magma was released at the vents
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and carried by eruption columns to altitudes between 6
and 13 km. The high degree of degassing at the vents is
attributed to development of a separated two-phase
flow in the upper magma conduit, and implies that
high-discharge basaltic eruptions such as Laki are able
to loft huge quantities of gas to altitudes where the re-
sulting aerosols can reside for months or even 1-
2 years. The atmospheric volatile contribution due to
subsequent degassing of the Laki lava flow is only
18 wt.% of the total dissolved in the magma, and these
emissions were confined to the lowest regions of the
troposphere and therefore important only over Iceland.
This study indicates that determination of the amount
of sulfur degassed from the Laki magma batch by meas-
urements of sulfur in the volcanic products (the petro-
logic method) yields a result which is sufficient to ac-
count for the mass of aerosols estimated by other meth-
ods.

Key words Laki - Effusive basaltic volcanism -
Fissure eruption - Eruption dynamics - Magma
degassing - Volcanic gases - Volcanic glass
chemistry - Volcanic aerosols

Introduction

The growing interest over the past 20 years in the ef-
fects of volcanic eruptions on global climate has con-
centrated almost exclusively on large silicic explosive
eruptions such as Tambora 1815, Krakatau 1883, and
Pinatubo 1991 (e.g., Self et al. 1981; McCormick et al.
1995). However, large basaltic lava-producing erup-
tions, such as the Laki (Skaftar Fires) event in Iceland,
64°10’N, 17°15’W, in 1783-1784, are also known to
have been linked to locally cooler weather and unusual
atmospheric phenomena (Thorarinsson 1979, 1981; Si-
gurdsson 1982; Angell and Korshover 1985; Wood
1992; Stothers 1996; Thordarson 1995). Such eruptions
have the potential to release great amounts of gas into
the atmosphere, but studies have not been carried out
on the details of the volatile emissions in terms of effi-
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ciency of magma degassing, mechanisms and rates dur-
ing eruption, heights of atmospheric volatile release,
and accurate estimates of the masses of volatile species
released.

Previous estimates of the amount of SO, released by
the Laki eruption (Sigurdsson 1982; Oskarsson et al.
1984; Devine et al. 1984) range from 56 to 63 Mt when
corrected for the new volume estimates for the Laki
eruption products (Thordarson and Self 1993). Metrich
et al. (1991) showed that three glass inclusions of Laki
composition trapped in phenocrysts within phreato-
magmatic clasts of the Laki tephra contained on aver-
age 1810+100ppm of sulfur, a considerably higher
amount than the values of 800-960 ppm S used by Si-
gurdsson (1982), Oskarsson et al. (1984), and Devine et
al. (1984). Although the phreatomagmatic tephra con-
stitutes only approximately 0.5% of the total amount of
magma erupted, the analyses of Metrich et al. (1991)
are in good agreement with the results presented in this
study (see below).

In this paper we address the degassing history and
the volatile budget of the Laki eruption as revealed by
the concentrations of S, Cl, and F in the products of all
phases of the eruption. We present new major element
and volatile analyses of 17 glass inclusions from Laki
phenocrysts and of groundmass glass in quenched prod-
ucts. These data establish new and more accurate esti-
mates of the atmospheric mass loading of gases by Laki
and show that the volatile release by the eruption was
considerably greater than has been estimated previous-
ly. The new fluorine and chlorine data indicate that
Laki released large quantities of HF and HCl into the
atmosphere, a previously unquantified, but not unex-
pected, occurrence during the Laki eruption (Thorar-
insson 1979, 1981). We also evaluate how degassing
processes relate to the eruption mechanism and the
rate of magma degassing during eruption.

The 1783-1784 Laki eruption
Nature of the eruption

The Laki fissure eruption lasted for 8 months, from 8
June 1783 to 7 February 1784, and produced one of the
largest recorded basaltic lava flows, 14.7x1km?
(Fig. 1). In addition, it produced 0.4 km?® (dense rock
equivalent) of tephra, giving the total volume of
15.1 km? used in this paper. Over 60% of the volume
was erupted during the first 1.5 months of activity, and

Fig. 1 Map of the Laki fissures and lava flow field, Iceland, show-
ing locations (numbered 1-12) where the samples used in this
study were collected (see text for discussion). Stippled areas de-
note locations of flow fronts on date shown and are reconstructed
according to descriptions given by Reverend Jén Steingrimsson
(1783, 1788)

90% by the end of the fifth month (Fig. 2). Ten erup-
tion episodes, occurred during the first 5 months of ac-
tivity. Each began with a seismic swarm of increasing
intensity and formation of a new fissure segment, fol-
lowed by a short-lived explosive phase leading into lava

Fig. 2 Tllustration of sequence of events during the Laki eruption
up to eruption episode X. Eruption episodes are shown in row I,
labeled I-X; S, strombolian fall units; P, phreatomagmatic fall
units. Row 2 shows the primary fall units produced by the erup-
tion episodes. Row 3 designates earthquake swarms; the horizon-
tal bars show the duration of each swarm. Timing of explosive
activity is shown in row 4, where eruption clouds denote explosive
activity at Laki fissures. Row 5 (stippled -area) shows qualitatively
the fluctuations in lava production during the eruption; & and !
indicate high and low discharge, respectively (not to scale). Verti-
cal arrows mark the beginning and end of Laki fissure eruption
and the 60% and 90% refer to volume fraction erupted up to that
time. (Modified from Thordarson and Self 1993)
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Table 1 Laki sample locations and sample descriptions
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Sample location Label Description Unit?®
Vent tephra
Location 1; Hnuta, section 133° LS1-01 Strombolian scoria lapilli S1
Location 12, Leidélfsfell LS1-04 Strombolian ash S1
Location 2, Vikradalur, section 94° LS2-06 Strombolian scoria lapilli s2
Location 3, Hverfjall, section TC-1 LP1-U2 Phreatomagmatic tephra P1
LP1-U3 Phreatomagmatic tephra P1
LP1-U5 Phreatomagmatic tephra P1
Location 4, Lambavatn, section 153° 1.S3-02 Strombolian scoria lapilli, base of unit S3
LS3-03 Strombolian scoria lapilli, top of unit s3
Location 5, Innrieyrar, section 75° LP2-05 Phreatomagmatic tephra P2
1.54-01 Strombolian scoria lapilli S4
Lava flow .
Location 6, Kambar L-20 Surface lava selvage E1-FU4
L-21 Basal lava selvage E2-FU4
Location 7, K4lfd L-23 Basal lava selvage KAFU
Location 12, Leid6lfsfell LEI-04 Lava core LEIFU
LEI-12 Lava crust LEIFU
Location 8, Eldvatnsbri L-24 Basal lava selvage SAL-9
L-25 Surface lava selvage SAL-9
Rootless cone tephra
Location 9, Varmdrdalur VRC-9 Scoria lapilli VRCTE
VRC-11 Scoria lapilli VRCTE
Location 10, Blengur BRC-9 Scoria lapilli BRCTE
Location 11, North of Innrieyrar NIRC-7 Scoria lapilli NIRCTE
Location 12, Leido6lfsfell LEIRC-03 Scoria lapilli LEIRCU2
i LEIRC-03A Scoria lapilli LEIRCU2
LEIRC-04 Ash LEIRCU1
LEIRC-12 Scoria lapilli " LEIRCU2
LEIRC-20A Ash LEIRCU1

* Primary tephra fall units are designated as in Thordarson and
Self (1993); S and P denote strombolian and phreatomagmatic fall
units, respectively. Lava flow units are described in Appendix L

fountaining and effusive activity characterized by volu-
minous lava surges. The magma volume erupted by
each episode ranged from ~0.5-2.0km?® and the vol-
ume ratio of tephra to lava was ~1/35. Magma dis-
charge varied considerably during the eruption with
highest eruption rates in the range of 2-5x10°m?>s™
occurring during each eruptive episode (Fig. 2). During
the first 5 months of activity, the mean discharge was of
the order of 1-2.5x10°m>s™". The episodic nature of
the eruption cannot be attributed to separate inflation—
deflation events within the Laki reservoir because of
the high magma fluxes and the short time which
elapsed between successive episodes. Evaluation of the
timing and sequence of events suggest that unsteady or
non-uniform conduit flow was responsible for the epi-
sodic behavior of the eruption (Thordarson and Self
1993).

Each explosive phase lasted for hours to a few days
and was characterized by either magmatic or hydro-
magmatic activity, producing a tephra deposit which
consists of at least six mappable strombolian and phrea-
tomagmatic fall units. The strombolian fall units (S1-
S4; Table 1) account for ~80% of the total tephra vol-
ume, whereas the phreatomagmatic fall units (P1 and
P2; Table 1) make up the remaining ~20%. The Laki
fire fountains extended to heights of 800-1450 m during
periods of peak magma discharge (Thordarson 1990).

Unit designation for rootless cone tephra are based on unpub-
lished tephra sections measured by Th. Thordarson
b Section designation from Thordarson (1990)

Historic evidence and calculations indicate that the
Laki eruption column reached maximum altitudes of
11-13km at times of vigorous activity, and that the
eruption maintained 7- to 9-km-high columns during
the first 5 months (Thordarson and Self 1993; Woods
1993). The tropopause over this region is at 9-10 km.
As is demonstrated below, vent degassing, especially
during periods of vigorous explosive activity and foun-
taining, is responsible for release of the bulk (~80%)
of the volatiles during the Laki eruption, whereas de-
gassing of lava during transport and cooling accounts
for the remaining 20%.

Whole-rock compositions

The Laki products are glomeroporphyritic quartz-tho-
leiite basalt containing ~ 5.5 vol.% of euhedral pheno-
crysts ranging in size from 0.2 to 3.0 mm. The glomero-
crysts contain one, two, or more rarely, all of the fol-
lowing crystal phases: plagioclase (Angoss), olivine
(Fosses) and clinopyroxene (WousEnysFsi4s), and are
in compositional equilibrium with the erupted magma
(Gronvold 1984; Metrich et al. 1991). Laki tephra and
lava (Fig. 3) show a small spatial and temporal compo-
sitional variance in major element concentrations (Bell
and Humpbhries 1972; Grénvold 1984). Uniform U and
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Fig. 3 Compositional variations of eruption products within the
Grimsvotn volcanic system (GVS). K,O (wt.%) variation as 2
function of Mg# (calculated as [Mg/(Mg + Fe)] X 100). Laki sam-
ples are indicated by open (tephra) and filled (lava) diamonds.
Plusses represent other subaerial lavas within the GVS and
crosses denote tephra samples from the subglacial Grimsvotn cen-
tral volcano. Broken line outlines the field defined by the Laki
eruption products. Major element data are from this study and
the sources given in Thordarson (1995)

Th abundances (0.344+0.007 ppm and 1.12£0.02 ppm,
respectively) demonstrate the homogeneity of the Laki
magma; differences in measured concentrations in sam-
ples from all main eruptive units are <7% (Sigmarsson
et al. 1991). The apparent uniformity of the Laki mag-
ma is remarkable in view of the duration of the erup-
tion and the large volume of magma involved.

Sample collection and analytical methods
Samples and their significance

Samples representing the main phases of the Laki erup-
tion were collected at 12 different locations within the
Java flow and along the fissures (Fig. 1; Table 1). The
types of samples collected for analyses are shown sche-
matically in Fig. 4.

Tephra samples, representing mappable fall units,
were collected at locations 1-5. A complete proximal
section through the Laki flow is not available within
10 km from source, whereas in the medial (10-30 km
from source) and distal (>30km from source) areas
the best outcrops occur in river channels (Fig. 1). Loca-
tions6, 7, 8, and 12 represent measured sections
through the Laki lava flow where samples of the lava
interior and basal glass selvage were collected (Fig. 4;
Table 1). Samples were also collected from the rootless
cone groups at locations 9, 10, 11, and 12. These sam-
ples together represent flow units emplaced in June and
July 1783 (locations 7, 8, 9, and 12), and from August
through October 1783 (locations 6, 10, and 11). The sig-
nificance of the samples is discussed further in Appen-
dix L.
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Fig. 4 llustration (not to scale) of the Laki eruption viewed from
the southwest showing the type of samples (arrows) collected for
this study. Glass inclusions in phenocrysts represent the unde-
gassed magma fraction residing in a reservoir at depth prior to
eruption. Groundmass glass from phreatomagmatic tephra clasts
represents partly degassed magma which froze in the feeder dike
due to interaction with external water. Groundmass glass of
strombolian tephra clasts represents magma which degassed at the
vents. Lava selvages characterize magma which has gone through
the stage of vent degassing and, in addition, has liberated a frac-
tion of its remaining volatiles as the lava flowed away from the
fissures. Crystalline lava denotes magma which has gone through
the stages of vent and lava emplacement degassing and has lost an
additional fraction of its volatiles during cooling and crystalliza-
tion. It also contains the volatiles which did not escape from the
lava into the atmosphere

Analytical procedure

Modes and vesicularity of representative tephra and
lava samples were estimated by point counting of
~1000 points per thin section. Microprobe analyses
used instrumental settings of 15 kV for the accelerating
voltage, 15-20nA in a beam-current-regulated mode,
and a 5-20 pm focused beam in major element analyses
of glass. Precision (20) for major elements is better
than 1%. Analyses of S and Cl were conducted by the
Cameca Trace routine, using the same general setup
and counting time of 200 s. Based on counting statistics
the precision for sulfur is 80 ppm and for Cl it is 60 ppm
at the 20 level. The same samples were also analyzed
for S, Cl, and F by using the CSIRO-trace routine of
Robinson and Graham (1992) with 15 kV accelerating
voltage, 80 nA beam current, 10 pm focused beam, and
counting time of 400 s. Precision (20) for S=35 ppm,
Cl=30 ppm, and F=90 ppm. Raw data were corrected
using the standard ZAF procedures. The Juan de Fuca
glass standard VG2 and Makoupuhi glass standard A99
were analyzed as unknowns for S, Cl, and F during
each analytical session and, as shown in Table 2a, our
S values for both standards are in good agreement with
Dixon et al. (1991). Precision and accuracy of the Cl
and F microprobe analyses was tested by analyzing the
MORB glass samples TR 154 21D-3 and TR 138 6D-1
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Table 2a Representative microprobe analyses of international standards by Cameca and CSIRO trace routines

VG-2 S Cl F N A-99 S Cl F N
Reported 13402 na. n.a. 19 170* n.a. n.a. 15
SD 80 - - 30 - -

Cameca trace routine This study 1348 291 n.a. 134 135 229 n.a. 37
S 62 52 - 50 49 -

CSIRO trace routine This study® 1365 316 300 139 220 227 765 42
SD: 29 19 72 12 20 79

SD, standard deviation; n.a., not analysed; N, number of analyses
2 Value reported by Dixon et al. (1991)

® Represents an average of analyses conducted over a period of 2 years by Th. Thordarson, S. B. Sherman, and L. Norby

Table 2b New CSIRO trace routine analyses of basalt glass samples from Michael and Schilling (1989)

TR 154 21D-3 S Cl F N TR 138 6D-1 S Cl F N
Reported n.a. 404* 520° n.a. 442 280

CSIRO trace routine This study® 977 488 546 11 1050 48 282 19
SD 26 31 65 24 12 82

SD, standard deviation; n.a., not analysed; N, number of analyses
2 Values reported by Michael and Schilling (1989)
b Analyst: L. Norby

from Michael and Schilling (1989), and our results are
compatible with theirs (Table 2b).

_ The HO and CO, values used in this paper are from
Oskarsson et al. (1984), which were obtained by Qua-
dropol mass spectrometry on gasses released by va-
cuum fusion of crystalline lava, fibrous tephra, and
crushed plagioclase phenocrysts rich in glass inclusions.
The measured CO, values for glass inclusions may
overestimate the concentration initially dissolved in the
Laki magma, because it is likely that small CO, bubbles
were present as a free volatile phase in Laki pheno-
crysts (Metrich et al. 1991). The method may also over-
estimate the CO, concentration dissolved in the
groundmass glass of tephra, because the fibrous tephra
clasts contain rare liquid-filled microbubbles (Olafsson
et al. 1984). Despite these uncertainties, we chose to
use the CO, values of Oskarsson et al. (1984), because
it is the only comprehensive data set which includes
measurements of CO, inclusions, tephra, and crystalline
lava.

Petrology and glass chemistry

In this section we outline the major element and vola-
tile chemistry of glass inclusions and groundmass glass
in quenched products of the Laki eruption. The chemis-
try of single samples is listed in Appendix II.

Glass inclusion
All of the Laki phenocryst phases contain clear, light-

brown glass inclusions and sparse inclusions of dark-
brown, transparent glass, ranging from =<1 to 500 pm

Fig. 5 Transmitted-light photomicrograph of a 60- X 25-um light-
brown glass inclusion in plagioclase (sample L-21). The dark cir-
cular spot in the lower right corner is a bubble. Scale bar is
100 wm

in the longest dimensions (Fig. 5). Common inclusions
are between 20 and 120 pm in size and of spherical or
oblate shape (Thordarson 1995). Some inclusions con-
tain vapor bubbles.

Major element microprobe analyses of more than 30
glass inclusions from Laki phenocrysts were performed
to locate inclusions of composition similar to the bulk
Laki magma. Several inclusions showed clear evidence
of extensive postentrapment host crystallization (Ta-
ble 3) and were therefore not considered further. Mea-
sured major element concentrations of inclusions L-i-7,
L-i-8, and L-i-11 trapped in olivine phenocrysts (Ta-
ble A-1, Appendix II), demonstrate that the glass com-
position has been slightly affected by host crystalliza-
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Table 3 Major and volatile element composition of Laki glass inclusions

$i0, TiO, ALO; FeO MnO MgO CaO Na,0 KO P,Os Sum S Cl F Mg# N
Group1 49.68 296 13.05 1378 0.22 578 1045 284 042 028 9945 1677 310 665 4277 21/23
SD - 036 017 048 061 0.03 030 028 012 005 005 034 225 59 101
Group 2 4927 3.03 1208 1533 023 596 1041 243 048 031 99.77 1632 246 537 4092 6/6
SD 0.70 0.06 037 059 001 044 018 003 009 004 015 171 56 90
Group 3 48.87 343 1308 1631 0.22 470 956 257 045 035 99.77 1622 298 660 3392 6/6
SD 0.01 0.04 011 007 0.04 011 0.08 002 004 003 037 493 18 71
Group 4 49.13 200 1203 1341 023 847 1137 247 039 017 99.67 1675 198 562 5044 4/5
SD 0.04 0.02 0.01 011 0.03 014 002 005 001 001 0.06 50 45 70
Unaffected by host crystallization _

L-i-3 49.61 285 13.07 13.88 0.24 577 1039 301 042 025 9950 1520 300 705 4256 5
SD 016 0.03 007 015 0.03 015 009 005 002 004 040 25 55 10

Affected by host crystallization®

L-i-18 4842 267 737 1648 022 1044 1130 180 031 023 9925 1555 260 460 53.03 2
SD 0.01 0.12 0.63 008 004 030 0.08 030 007 001 0.65 9 8 130

Laki whole-rock composition

L-lava 4963 268 1387 1345 022 573 1040 269 041 033 99.28 43.13 32
SD 062 013 031 034 001 022 020 015 0.04 0.06 1.03 0.97

Mg# =100 Mg/(Mg +Fe*), Fe*=total Fe; N, number of analyses — 1/1 =major/volatile element analysis; SD, standard deviation

2 Host is plagioclase

tion. These inclusions were restored to their original
composition using the method of Metrich et al
(1991).

The Laki inclusion data are ordered into four groups
on the basis of major element abundances (Table 3).
Group 1 glass inclusions exhibited major element abun-
dances (Mg# =42.77+1.37) that closely match the
averaged bulk composition of the Laki magma
(Mg # =43.34%0.66) and are considered to be repre-
sentative of the pre-eruption magma composition. For
most inclusions, S concentrations range from 1500 to
1700 ppm (mean 1677%225ppm), chlorine 250-
350 ppm (mean 310+59 ppm), and fluorine 600-
800 ppm (mean 665+ 100 ppm). Group 2 inclusions de-
monstrate higher Fe and lower Ca and Na contents
than those of group 1. However, their mean abun-
dances of S (1632+171 ppm), Cl (246+56 ppm), and F
(537490 ppm) are strikingly similar. The difference in
the major element composition cannot be accounted
for entirely by host crystallization after entrapment.
Group 3 inclusions are strongly enriched in Fe and Ti,
depleted in Mg, Ca, and Na, but with volatile concen-
trations in the same range as the two former groups.
Inclusions of groups2 and 3 may represent liquids
which have evolved by fractionation in the Laki reser-
voir. Group 4 inclusions have an olivine tholeiite com-
position and may represent a parental liquid to the
Laki magma.

The S, Cl, and F values of Laki inclusions have some
degree of variance (Fig. 6), which cannot be attributed
to analytical error alone. This variance could be caused
by several factors: (a) compositional heterogeneity in
the magma reservoir; (b) a fraction of the volatiles may
have separated from the liquid phase into a bubble
within the inclusions as the system was decompressed;
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Fig. 6 Halogen-sulfur covariation diagram for Laki glass inclu-
sions. Inclusions with low (Cl+F)/S values (filled diamonds) are
outlined by the heavy broken line, whereas the light broken line
outlines inclusions with high (Cl+F)/S values (open diamonds).
The average inclusion value is shown by the asterisk and the bars
indicate the éstimated analytical error (20)

and (c) S-, Cl-, and/or F-bearing mineral phases may
have formed in some inclusions after entrapment, al-
though the major element concentrations and petro-
graphic examination reveal no evidence of such miner-
als. Despite the relatively random distribution of data
points in Fig. 6, the data appear to form two arrays, one
with low (0.45-0.54) and another with high (0.64-0.71)
halogen-to-sulfur ratios. Vapor bubbles are not present
in inclusions with low (Cl+ F)/S values, whereas many,
but not all, of the inclusions with high (Cl+F)/S values
contain vapor bubbles. The apparent association of va-
por bubbles and low S values in some Laki inclusions
may suggest that S (along with CO, and H,0?) was ex-
solved from the inclusion melt to form bubbles contain-
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Fall Unit SiO, TiO; ALOs FeO MnO MgO CaO Na;0 K;O POs Sum § CI F Mg#  Ves.% Cr.% N
Strombolian tephra

S1 50.06 306 1322 1431 021 543 987 280 045 032 9974 453 205 480 4035 59 2 2923
SD 019 006 009 023 004 007 015 009 002 005 023 78 48 & 050 19 1

S2 4995 305 1329 1434 025 538 1001 281 048 035 9971 513 148 480 4005 45 4 6/5
SD 016 006 011 033 002 008 016 005 002 001 o041 21 11 53 08 11 1

S3 4980 301 1319 1403 021 541 987 272 045 030 9898 515 256 472 4051 77 1 30/36
SD 034 004 011 025 003 005 010 015 002 004 044 8 77 99 041 10 O

S4 5007 314 1308 1442 024 521 1010 283 049 036 9993 473 149 491 3916 27 4 6/6
Sb 011 004 006 015 003 004 005 005 002 001 026 26 20 64 012 2 2

S1-S4

Average 4994 305 1320 1420 022 540 990 277 045 032 99.43 490 223 476 4039 64 2 71/70
SD 028 006 011 028 003 009 015 012 003 005 052 8 74 8 064 20 1
Phreatomagmatic tephra

P1 49.66 2.84 1334 1380 022 574 1071 240 056 026 99.53 937 218 421 4256 33 4 32/54
SD 025 014 014 035 003 026 055 021 010 004 038 217 79 106 157 31 4

P2 4984 278 1348 1360 022 570 1068 277 042 031 99.81 93 133 418 4274 36 1 917
SD 027 030 020 078 003 057 076 015 007 005 033 176 24 64 377 35 1

P1-P2

Average 49.70 2.83 1337 13757 022 573 1070 248 053 027 99.59 933 208 420 4260 34 3 4l/61
SD 026 018 016 047 003 034 059 025 011 004 038 212 79 102 218 31 4

Individual fall units are designated as in Thordarson and Self
(1993). S, strombolian tephra units; P, phreatomagmatic tephra
units; Mg# =100 Mg/(Mg +Fe*), Fe*=total Fe; Ves% and

ing a free volatile phase as the magma rose to the sur-
face, although more work is necessary to confirm this
relationship. Consequently, the mean S concentration
of group 1 inclusions (Table 3) is likely to be a mini-
mum estimate for dissolved sulfur in the Laki magma
prior to eruption. The variance in volatile concentra-
tions demonstrates clearly the importance of analyzing
multiple inclusions to obtain a reasonable estimate of
pre-eruption volatile concentrations.

Vent tephra

The Laki fall deposits consist of holohyaline tephra
clasts with sparse phenocrysts (1-10 vol.%) of olivine,
plagioclase, and clinopyroxene. Although the analyzed
tephra represents fall units produced by episodic explo-
sive activity over a period of 3 months (Fig. 2), the ma-
jor element composition of their groundmass glass
show no systematic variations with stratigraphic posi-
tion (Table 4). However, the major element data indi-
cate a slight compositional difference between ground-
mass glass of the two types of tephra produced by the
eruption, identified as two partly overlapping fields on
bivariate plots (Fig.7). The strombolian tephra has
higher FeO and TiO,, but lower MgO than the bulk
magma, and is slightly more evolved. The dense cluster-
ing of data points confirms the uniform composition of
all strombolian fall units. The groundmass glass of the
phreatomagmatic clasts shows more variable major ele-
ment concentrations, forming an array spanning the

Cr.%, vesicle and crystal content of sample in vol. %, respective-
ly, N, number of analyses — 1/1 =major/volatile element analyses;
SD, standard deviation (20)
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Fig. 7 Compositional variations in Laki tephra samples. TiO,
(wt.%) as a function of MgO (wt.%). Note the strong clustering
exhibited by the strombolian tephra (filled triangles) and the
rough linear trend defined by the phreatomagmatic tephra (open
diamonds). Solid and broken lines outline the compositional
fields of strombolian and phreatomagmatic tephra, respectively.
Dotted line defines the whole-rock compositional field of Laki
eruption products. Estimated analytical error (20) is shown by
the cross in the upper right corner

compositional range of the bulk magma and the strom-
bolian tephra. Nevertheless, a majority of the clasts re-
semble the bulk magma composition (Fig. 7).

The variable, but high, S concentration in ground-
mass glass of phreatomagmatic clasts (mean
9334212 ppm) contrasts with very uniform Sabun-
dances in the strombolian clasts (mean 490+ 82 ppm).
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The S values of the phreatomagmatic tephra range
from approximately 1260 to 490 ppm, but the corre-
sponding compositional range for the strombolian
tephra is 418-640 ppm S (Table A-1, Appendix II). The
groundmass glass of both tephra types have variable,
but similar, Cl and F concentrations. However, the
compositional range of Cl and F is greater in phreato-
magmatic tephra (Cl=122-450 ppm; F =220-560 ppm)
than in the strombolian tephra (Cl=134-320 ppm:
F =310-530 ppm).

The compositional differences and similarities be-
tween the two tephra types are of interest because the
tephras represent different styles of explosive activity.
The strombolian tephra deposits formed as the melt
was disintegrated by rapidly expanding magmatic gases,
whereas the phreatomagmatic tephra was produced by
interaction of external water and magma (Thordarson
and Self 1993). The strombolian tephra units are com-
posed of well-sorted scoria lapilli, consisting primarily
of highly vesicular clasts (60-90 vol.% voids) featuring
a single population of 2- to 10-mm spherical vesicles.
The strombolian clasts are either partly or wholly
coated by a thin fluidal skin (<0.01 mm), suggesting
that the outer surfaces of the clasts were fused (Fig. 8a
and b), presumably by a stream of hot gas. The strom-
bolian tephra also contains reticulite and Pele’s hair.
The phreatomagmatic tephra units are composed of
poorly sorted ash to scoria lapilli consisting of non-ve-
sicular to highly vesicular angular clasts (Fig. 8c) in ap-
proximately equal proportions. The phreatomagmatic
clasts lack the glassy fluidal skin that characterizes the
strombolian tephra clasts. The highly vesicular clasts in
both tephra types represent true magmatic foam, and
the reticulite-like strombolian clasts indicate that a
small fraction of the melt had evolved to mature poly-
hedral foam (Cashman and Mangan 1994).

Major element abundances in both tephra types
show poor correlation with clast vesicularity, although
higher vesicle abundance (>45vol.%) appears to ac-
company a more evolved (iron-rich) composition
(Fig. 9a). S abundances in the groundmass glass of
phreatomagmatic clasts show a weak negative correla-
tion with degree of vesicularity, whereas the S concen-
trations in strombolian clasts are independent of vesicle
abundance (Fig. 9b). Furthermore, the fluorine and
chlorine concentrations show no obvious correlation
with vesicularity (Fig. 9c). Considering the nature and
timing of eruptive events and the relatively small teph-
ra volume, the more evolved tephra compositions sug-
gest that a portion of the magma fractionated chemical-
ly during its rise to the surface.

Lava selvages and rootless-cone tephra

The basal-quenched lava selvages and the rootless-cone
tephra exhibit hyalophitic (intersertal) texture, in which
glomerocrysts (5-6vol.%) and the seriate-textured
groundmass mineral assemblage of plagioclase, olivine,

Fig. 8a—c Scanning electron photomicrographs of highly vesicular
(foam-like) tephra particles from Laki. a Interior of a clast from
the strombolian tephra deposit. Scale bar is 1000 pm (white line).
b Strombolian clast completely covered by a very thin fluidal skin.
The interior of the clast is highly vesicular (~80vol.% voids).
Scale bar is 1000 pm. ¢ Clast from the phreatomagmatic tephra
deposit. Scale bar is 1000 um
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Fig. 9a-¢ Variation in volatile abundances as function of vesicu-
larity in Laki tephra samples. a FeO vs vesicularity. b S vs vesicu-
larity. ¢ F vs vesicularity. Phreatomagmatic tephra is indicated by
open diamonds, and strombolian tephra by filled triangles. Esti-
mated analytical error (20) is shown by the cross in the upper
right corner

and clinopyroxene ( ~ 1040 vol.%) are completely em-
bedded in light- to dark-brown sideromelane glass
(Fig. 10). Fe-Ti oxides are not present in the ground-
mass mineral assemblages of lava selvages and rootless-
cone tephra.

The groundmass glass of the lava selvages and the
rootless-cone tephra clasts shows a more evolved com-
position than the bulk lava and tephra (Table 5a).
Groundmass glass of proximal lava samples shows the
smallest variation from the bulk lava composition, with
an Mg# of 35.4+2.2. The groundmass glass of the me-
dial and distal samples, however, shows a considerable
degree of differentiation with strong enrichment in
TiO, and FeO, and Mg# between 32.7+18 and
34.0+0.2 (Fig. 11a; Table 5a). The §, Cl, and F concen-
trations of the groundmass glass in the proximal lava
are in the same range as that of the strombolian tephra
(Tables 4 and Sa). Furthermore, the measured abun-
dances of S (334+29 to 489+ 5 ppm), Cl (18849 to

Fig. 10 Transmitted-light photomicrograph of Laki lava selvage
(sample L-21) demonstrating the holohyaline nature of the
groundmass and the seriate texture of the mineral assemblage.
Note also that no Fe-Ti oxide mineral phases are present. Scale
bar is 500 pm

309+98 ppm), and F (495+109 to 613+93) in ground-
mass glass of lava selvages and rootless-cone tephra
from the medial and distal locations (Fig. 11b) are sur-
prisingly uniform and on average similar or only slight-
ly lower than those found in the proximal lava and
strombolian tephra.

The crystallinity of lava selvages and rootless-cone
tephra ranges from 12 to 50 vol.%, with the least crys-
talline samples being closest to source (Table AIl-1,
Appendix IT). The crystal content of the lava glass sel-
vages falls between 25 and 38 vol.% and, in general,
increases with distance from the source (Fig.1lc).
The rootless-cone tephra at Leidélfsfell shows a
greater range of crystallinity (30-50 vol.%). Despite
the evolved groundmass glass composition, the bulk
(whole-rock) composition of the rootless-cone tephra
and lava (Table 5b) is essentially the same as the origi-
nal magma composition. A general negative correlation
between Mg# and degree of crystallinity (Fig. 11a and
c) implies that the observed differentiation of the
groundmass glass is caused by in situ crystallization (or
equilibrium crystallization at a constant total composi-
tion) of the liquid lava during emplacement. If we take
the whole-rock composition of the rootless-cone tephra
as the starting liquid composition and allow ~30%
crystallization of the observed groundmass mineral as-
semblage in lava selvages and rootless-cone tephra
(plagioclase, augite, and olivine in the fractions of 04,
0.4, and 0.2, respectively), the calculated liquid compo-
sition agrees with the mean composition of the rootless-
cone groundmass glass (Table 5b). The absence of
Fe-Ti oxides from the groundmass mineral assemblage
of these samples is consistent with the strong FeO and
TiO, enrichment observed in the groundmass glass and
implies that the emplacement temperatures of the lava
were above the Fe-Ti oxides liquidus temperatures.
The concentrations of S, Cl, and F gradually increase in
the remaining liquid as crystallization progresses be-
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Table 5a Composition of groundmass glass in Laki lava selvages
and rootless cone tephra (RCT) at proximal, medial and distal
locations in the Laki lava field. Also shown are average whole-

rock composition of rootless cone tephra and crystalline lava (Cr.
lava)

Si0, TiO, ALO; FeO MnO MgO Ca0 Na3,0 K,0 P,Os Sum S Cl F Mgé Cr% N
Proximal
RCT-gm 4961 361 1237 1562 024 480 989 270 057 044 99.84 480 167 416 3540 20 23124
SD 053 036 056 083 003 025 019 019 014 015 024 201 S8 55 216 11
Cr. lava-wr® 5015 284 1372 1365 021 561 1040 251 043 032 99.84 42.26 7
SD 021 009 017 022 000 009 004 011 001 004 0.20 0.76
Medial
Lava selvage 4999 3.84 1182 16.11 025 464 944 277 058 037 99.82 356 240 494 3392 25 94/53
SD 027 010 021 034 004 014 021 014 011 007 046 40 73 108 093 S
RCT-gm 4969 397 1166 1669 024 454 930 273 058 047 99.85 275 168 390 32.67 38 33127
SD 016 018 014 052 002 024 017 007 004 008 022 37 31 20 18 9
RCT-wr 4942 273 1340 1388 023 595 1064 269 051 041 99.86 4330 35 3
SD 030 007 011 020 001 012 021 005 0.02 001 0.01 081 10
Cr. lava-wr® 4981 265 1362 1348 023 588 1050 277 043 037 99.73 43.73 3
SD 024 007 043 045 001 007 016 015 005 010 015 0.56
Distal N .
Lava selvage 49.78 381 1181 16.19 028 469 937 270 055 037 99.54 340 159 438 34.03 37 9/21
SD- 019 005 012 009 002 004 008 005 002 003 033 14 21 55 028 1
Cr. lava-wr® 4974 276 1384 1357 023 583 1044 267 044 032 99.84 195 150 320 43.35 6/2
SD 066 010 014 034 001 019 015 013 002 006 0.30 1.10

gm, groundmass; wr, whole-rock; Mg# =100 mg/(Mg+Fe*),
Fe* =total Fe; N, number of analyses — 1/1 =major/volatile ele-
ment analyses; SD, standard deviation (20); Cr.%, crystal content
of sample in vol. %

2 Average composition of crystalline lava derived from published
whole-rock analyses compiled by Thordarson (1955)

Table 5b Crystal fractionation calculations using whole-rock composition of rootless cone tephra as starting liquid composition (see

text for further details)

SiO, TiO, ALO; FeO MnO MgO CaO Na,0 K;0 P,0s Sum Mgt
RCT-wr 49.42 2.73 13.40 13.88 0.23 5.95 10.64, 2.69 0.51 041 99.86 43.30
Calc comp®  50.60 372 10.86 16.73 0.31 455 8.85 3.04 0.53 0.56 99.75 32.65
RCT-gm 49.69 3.97 11.66 16.69 0.24 4.54 9.30 2.73 0.58 047 99.85 32.67

* Crystallization required: 29%. gm, groundmass; wr, whole-rock

cause these elements are incompatible with the crystal-
lizing phases. This simple chemical process is compli-
cated by the fact that the lava loses a fraction of these
elements (especially S) through degassing, but at the
same time the strong FeO enrichment is likely to in-
crease the solubility of sulfur in the liquid lava (Haugh-
ton et al. 1974). Consequently, to find the representa-
tive concentration of these elements in the bulk lava
(the original liquid after vent degassing) it is necessary
to correct for the amount of crystallization which oc-
curred during lava transport. When corrected, the S, Cl,
and F values of samples from the medial and distal part
of the lava still show remarkable uniformity (Fig. 11b;
Table A-2, Appendix II).

Geothermometry

Because of the temperature dependence of sulfur solu-
bility and magma rheology, and the long duration of

the Laki eruption, it is important to evaluate the varia-
tions in melt temperatures during the eruption. One-
atmosphere melting experiments performed on Laki
lava samples suggest that magma-reservoir tempera-
tures were at least 1150+10°C (Bell and Humphries
1972), and that lava-emplacement temperatures were
above 1085°C (Thordarson 1995). From the empirical
glass geothermometer of Helz and Thornber (1987), in-
clusion chemistry indicates magmatic temperatures
near 1140 *+ 8°C (Fig. 12).

We estimate the melt temperature of Laki tephra
and lava on the basis of MgO and CaO concentrations
of groundmass glasses (Helz and Thornber 1987),
which is justified by the linear co-variations of these el-
ements (Thordarson 1995). The calculated MgO- and
CaO temperatures agree and are internally consistent.
The CaO-derived temperatures give, on average, slight-
ly higher values which may be attributed to the differ-
ence in the crystallization sequence between the Laki
magma (plagioclase—olivine—linopyroxene) and the
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Fig. 11a—c Variation in Mg#, S, and crystallinity with distance
from source. Lava selvages and rootless-cone tephras are indi-
cated by open triangles, strombolian tephra by filled triangles,
phreatomagmatic tephra by open diamonds, and crystalline lava
by filled circles. a Mg # vs distance. Solid line indicates the infer-
red change in Mg # of lava selvage with distance and broken line
changes in Mg# of crystalline lava. b 8 vs distance. Broken and
solid line indicate inferred changes in measured and corrected
S abundances (plusses), respectively, of lava selvages with dis-
tance. ¢ Crystallinity of lava selvages and rootless-cone tephras
with distance from source. Solid line indicates the inferred
changes in crystal content of lava selvage with distance; broken
line indicates the pre-eruption crystal content of the Laki magma.
Estimated analytical error (20) is shown by the cross in the upper
right corner

Kilauea Iki lava lake magma (olivine—clinopyroxene—
plagioclase) used for geothermometer calibration. The
geothermometer calculations indicate that the melt
temperature of the phreatomagmatic tephra was
1138+ 9°C at the time of explosive interaction of mag-
ma and external water (Fig. 12), whereas the tempera-
ture of strombolian tephra was ~1127=+3°C upon melt
disintegration. The results suggest that quenching and
fragmentation of the phreatomagmatic tephra occurred
at greater depth in the feeder dikes. Furthermore, the
high melt temperatures of the phreatomagmatic tephra
suggest that cooling during ascent had insignificant, if
any, effects on the flow regime within the feeder dike.
The calculated emplacement temperature for the proxi-
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Fig. 12 Laki magma and liquid lava temperatures as a function
with distance from source. Temperatures were calculated accord-
ing to the empirical geothermometer of Helz and Thornber
(1987). Cross indicates liquidus temperature of the Laki magma
as determined by 1-atm melting experiments (Bell and Humph-
ries 1972). Laki inclusions are indicated by open circles, phreato-
magmatic tephra by open diamonds, and strombolian tephra and
lava selvages by filled and open triangles, respectively. Inferred
change in lava temperature with distance from source is indicated
by the solid line. Broken line shows the liquidus temperature of
FeTi-oxides in the Laki magma. Estimated analytical error (20) is
shown by the cross in the upper right corner

mal lava ranges from 1120 to 1126°C and is similar to
that of the strombolian tephra. Temperatures obtained
from samples of the medial and distal lavas are 10-
20°C lower (1107-1117°C) and show no obvious varia-
tion with distance from source (Fig. 12), indicating that
lava transport was thermally efficient.

Estimates of volatile release by the Laki eruption

Methodology

Several studies (Rose 1977, Oskarsson et al. 1984; De-
vine et al. 1984) have demonstrated clearly the validity
of a petrologic approach to evaluate the potential at-
mospheric sulfur yield from eruptions, although the ap-
plicability of the method may depend on the pre-erup-
tion condition in the magma source region. For exam-
ple, Wallace and Gerlach (1994) and Gerlach et al.
(1994) argue that the petrologic method underestimates
the SO, flux from andesite—dacite eruptions at conver-
gent margin volcanoes, because the magma carries the
bulk of the sulfur in an accumulated vapor phase. It
should be noted, however, that these convergent mar-
gin magmas are hybrids residing in shallow crustal mag-
ma chambers, and that their pre-eruption evolution is
complicated by incomplete magma mixing, crystalliza-
tion, and fractionation (e.g., Nye et al. 1994).

The large volume and homogeneous composition of
the Laki products imply that they were erupted from a
compositionally uniform magma body in a deep-seated
(>10 km) reservoir at the base of the crust below Ice-
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Fig. 13 Ilustration outlining a volatile budget model for basaltic
fissure eruptions. I Hypothetical magma reservoir containing
magma of the mass M, (taken here to be equal to erupted volume
of magma) and total amount of dissolved volatiles m,; the mea-
sured concentration of volatiles in glass inclusions, v;, represents
the concentration of volatiles dissolved in the magma. The total
mass of volatiles dissolved in the magma prior to eruption is given
by the lowermost equation. 2 Quenched magma fraction due to
interaction with external water, represented by phreatomagmatic
tephra at the surface containing volatile concentrations v,. 3 Vent
accumulations of pyroclastic material containing concentrations
of volatiles v,, which represents volatile fraction of m, which did
not escape the magma as it emerged from the vents. 4 Eruption
column (lava fountain plus convecting plume) containing total
amount of volatiles released at the vents, m,, as given by the up-
permost equation. 5 Lava flow of mass M, and volatile concentra-

tion v, in lava selvages and v, in crystalline lava. 6 Amount of.

volatiles, m,..., released by the degassing of lava during and after
emplacement is given by the middie equation

land (Sigmarsson et al. 1991). Based on the chemical
similarities between group-1 inclusions and the erupted
products (Table 3), we conclude that the inclusions rep-
resent the pre-eruption Laki magma. The high volatile
concentrations in the inclusions compared with concen-
trations in groundmass glass of quenched eruption
products supports this conclusion. Therefore, we use
the petrologic method, modified from Oskarsson et al.
(1984) and Devine et al. (1984), to estimate the volatile
yield of the Laki eruption.

In fissure eruptions, such as Laki, the release of vo-
latiles by the magma can be viewed as occurring in two
main stages (Fig. 13): (a) vent degassing of magma dur-
ing strombolian explosive activity or Hawaiian-type

lava-fountaining; and (b) degassing of magma during
and afier {low of lava. Thus, it should be possible to
obtain information on the degree of degassing during
an eruption by comparing the pre-eruption volatile
content to the content of volatiles retained in the prod-
ucts of each phase, although the crystallization of mag-
ma as it passes through each stage must be accounted
for. The volatile concentrations in rapidly cooled pyro-
clasts and glassy selvages of proximal lavas are indica-
tors of the amount retained by the magma as it flowed
away from the vents. Glass selvages from the base of
lava flow units and tephra clasts from the rootless cone
deposits indicate the residual amount of volatiles in
molten lava upon emplacement at some distance from
source. Volatile contents of crystalline lavas represent
the final residue of gases which did not escape from the
lava into the atmosphere.

Assuming that the total mass erupted equals the
mass of magma that contributes to the volatile emission
during the eruption, then the volatile budget of the
eruption can be schematically modeled as illustrated in
Fig. 13. The total mass (m,) of single volatile species (x)
dissolved in magma residing in a reservoir (r) at depth
and effectively involved in the eruption is:

mx,r = Mr vx,i

where M, is mass of magma which is degassed effective-
ly during the eruption and v, is the mass fraction of a
gaseous element x in inclusions (i). The total mass
(m,,,) of each volatile species which escapes from the
magma at the vents (v) and is dispersed into the atmo-
sphere by the eruption column is estimated by:

My = (vx,i - vx,t) Mr

where v, , is the average mass fraction of the gaseous
species x in strombolian tephra and proximal lava (¢).
Similarly, the mass released into the atmosphere from
the lava during emplacement (m,,) and after emplace-
ment (m, ) is estimated according to:

my 1= (vx,t - vx,l) Ml
mx,c - (vx,l - vx,c) Ml

where v, ; and v, . are the mass fraction of the gaseous
species x in glassy lava selvages and crystalline lava, re-
spectively, and M, is the total mass of lava.

Application

The data used to calculate the volatiles released in var-
ious stages of the Laki eruption are presented in Ta-
ble 6. The mass of each volatile species carried to the
surface by the erupting magma is calculated by:

My = Mrvx,i= Vrpevx.i

where V, is total erupted volume taken as 15.1 km?®
(Thordarson and Self 1993), p is the magma density,
2750 kg m~® (Metrich et al. 1991), v, is the mass frac-
tion of individual elements in glass inclusions, and & is
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Fig. 13 Hlustration outlining a volatile budget model for basaltic
fissure eruptions. I Hypothetical magma reservoir containing
magma of the mass M, (taken here to be equal to erupted volume
of magma) and total amount of dissolved volatiles m,; the mea-
sured concentration of volatiles in glass inclusions, v;, represents
the concentration of volatiles dissolved in the magma. The total
mass of volatiles dissolved in the magma prior to eruption is given
by the lowermost equation. 2 Quenched magma fraction due to
interaction with external water, represented by phreatomagmatic
tephra at the surface containing volatile concentrations v,. 3 Vent
accumulations of pyroclastic material containing concentrations
of volatiles v,, which represents volatile fraction of /., which did
not escape the magma as it emerged from the vents. 4 Eruption
column (lava fountain plus convecting plume) containing total
amount of volatiles released at the vents, m,, as given by the up-
permost equation. 5 Lava flow of mass M, and volatile concentra-
tion v, in lava selvages and v, in crystalline lava. 6 Amount of
volatiles, m,,.., released by the degassing of lava during and after
emplacement is given by the middle equation

land (Sigmarsson et al. 1991). Based on the chemical
similarities between group-1 inclusions and the erupted
products (Table 3), we conclude that the inclusions rep-
resent the pre-eruption Laki magma. The high volatile
concentrations in the inclusions compared with concen-
trations in groundmass glass of quenched eruption
products supports this conclusion. Therefore, we use
the petrologic method, modified from Oskarsson et al.
(1984) and Devine et al. (1984), to estimate the volatile
yield of the Laki eruption.

In fissure eruptions, such as Laki, the release of vo-
latiles by the magma can be viewed as occurring in two
main stages (Fig. 13): (a) vent degassing of magma dur-
ing strombolian explosive activity or Hawaiian-type

lava-fountaining; and (b) degassing of magma during
and after flow of lava. Thus, ii should be possible to
obtain information on the degree of degassing during
an eruption by comparing the pre-eruption volatile
content to the content of volatiles retained in the prod-
ucts of each phase, although the crystallization of mag-
ma as it passes through each stage must be accounted
for. The volatile concentrations in rapidly cooled pyro-
clasts and glassy selvages of proximal lavas are indica-
tors of the amount retained by the magma as it flowed
away from the vents. Glass selvages from the base of
lava flow units and tephra clasts from the rootless cone
deposits indicate the residual amount of volatiles in
molten lava upon emplacement at some distance from
source. Volatile contents of crystalline lavas represent
the final residue of gases which did not escape from the
lava into the atmosphere.

Assuming that the total mass erupted equals the
mass of magma that contributes to the volatile emission
during the eruption, then the volatile budget of the
eruption can be schematically modeled as illustrated in
Fig. 13. The total mass (m,) of single volatile species (x)
dissolved in magma residing in a reservoir (r) at depth
and effectively involved in the eruption is:

mx,r = Mr vx,i

where M, is mass of magma which is degassed effective-
ly during the eruption and v,; is the mass fraction of a
gaseous element x in inclusions (i). The total mass
(m.,) of each volatile species which escapes from the
magma at the vents (v) and is dispersed into the atmo-
sphere by the eruption column is estimated by:

my,,= (vx,i - vx,l) Mr

where v,, is the average mass fraction of the gaseous
species x in strombolian tephra and proximal lava (7).
Similarly, the mass released into the atmosphere from
the lava during emplacement (m,,;) and after emplace-
ment (m, ) is estimated according to:

mx,l = (vx,t - vx,l) Ml
My = (vx,l - vx,c) MI

where v, and v, are the mass fraction of the gaseous
species x in glassy lava selvages and crystalline lava, re-
spectively, and M, is the total mass of lava.

Application

The data used to calculate the volatiles released in var-
ious stages of the Laki eruption are presented in Ta-
ble 6. The mass of each volatile species carried to the
surface by the erupting magma is calculated by:

mx,r = Mr vx,i = Vrpevx,i

where V, is total erupted volume taken as 15.1 km?
(Thordarson and Self 1993), p is the magma density,
2750 kg m~> (Metrich et al. 1991), v,; is the mass frac-
tion of individual elements in glass inclusions, and € is
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Table 6
a) Averaged concentration (in ppm) of volatile species in the Laki eruption products
Cl H,O CO, >
Inclusions
Laki type (vi) 1675 310 665 6325° 8530° 17505
+225 +59 +100
Tephra
Strombolian (vy) 490 225 475 1915 1480° 4615
+82 +74 +89
Lava
Lava selvage (v)) 350 185 435
: +30 +55 +80
Crystalline lava (v.) 195° 1502 315° 620° 100® 1380
Total in solidified eruption products
Lava +tephra (v,) 205 150 320 655 135 1465
+10 +5 +10 :
b) Volatile abundances (in ppm) used in calculating the amount released by various eruption stages
AS ACl AF AH,O ACO;, A3,
Total amount released (vi—v;) 1470 160 345 5670 8395 16040
Amount released at vents (vi—v,) 1185 85 190 4410 7050 12890
Amount released during lava transport (ve—vy) 140 40 40 - - -
Amount released after lava emplacement (v—v.) 155 35 115 1260° 1345° 3165°
©) Estimates on degree (%) of magma degassing at various eruption stages
S cl F H;O CO, pX
Total degassing (vi—v;) 88 51 52 90 98 92
Amount retained in solidified products (v;) 12 49 48 10 2 8
Degassing at vents (vi—v,) 71 27 29 70 82 74
Degassing during lava transport (vi—vy) 8 13 6 - - -
Degassing after lava emplacement (vi—v.) 9 11 17 20° 16° 18°

2 From Oskarsson et al. (1984) and Sigvaldason and Oskarsson
(1986). Numbers in italics probably overestimate the CO, concen-
tration in the Laki products and should be regarded as maximum
values

Table 7 Estimates on the mass (in megatons) of volatiles released by the Laki magma at various stages in the eruption

® Calculated as the total amount released by the lava. See text for

definitions and further discussion

SO, HCI HF H,O CO, pX
Original mass (m,) 139.1 13.2 29.1 262.6 354.3 7983
Total mass released (m,,) 122.1 6.8 151 2354 3486 728.0
Mass retained in solidified products (my) 17.0 6.4 14.0 272 5.7 70.3
Mass released at vents (m,—m,) 98.4 3.6 83 183.1 292.8 585.0
Mass released during lava transport (m,~m,) 11.6 1.7 1.8 - - -
Mass released after lava emplacement (mi-m.) 12.5 15 5.0 52.32 55.8* 14342

Total volume of magma used in the calculations of 15.1 km? (lava
14.7 km?; tephra 0.4 km?) is from Thordarson and Self (1993) and
the assumed magma density of 2750 kg m ~2 is from Metrich et al.
(1991). See text for definitions and further discussion. Numbers in

the constant required to convert the pure element to
the species assumed to be present in the magma (e.g.,
SO,, H(C], and HF). As an example, the average inclu-
sion concentration of sulfur, 1677 ppm (0.1677 wt.%),
transforms into ~ 139 Mt of SO, carried from depth to
the surface by the erupting magma (Fig. 14; Table 7).

The total mass of each volatile species (m,,) re-
leased by the eruption is taken as the difference be-
tween the inclusion value and the amount retained in
the solidified eruption products (m,), or:

italics probably overestimate the CO, mass released by the Laki
eruption and should be regarded as an absolute maximum
2 Calculated as the total amount released by the lava

My p =My, N,y = (Mr Vx,i) - (vx,l Mt + Ve Ml)

where Mt is the mass of tephra and other symbols are
as defined previously. Application of this equation indi-
cates that more than 85% of the SO, and H,O escaped
from the magma during the eruption (Table 6) and that
the total amounts released were ~139MtSO, and
~263 Mt H,O (Fig. 14; Table 7). Although the CO,
values reported in Table 6 may be overestimates (see
above), we include them in our calculations. The results
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Fig. 14 Illustration of the Laki eruption viewed from the south-
west (not to scale) showing the amount of § retained in samples
from various eruption stages and their relationship to the degass-
ing of the magma. Also shown is the total amount of SO, dis-
solved in the Laki magma prior to eruption and the estimated
SO, yield by various eruption stages. The gas columns and
plumes generated by the magma degassing are shown as fine stip-
pled areas. Distal haze denotes the gas liberated at the vents and
carried to high altitudes by the eruption columns, and local haze
denotes that produced by gas rising from the lava flow. Other fea-
tures are as indicated in Fig. 4

imply that the Laki magma released a maximum of
~354 Mt CO, (Table 7). The fractions of HCI and HF
released are considerably smaller, approximately 50%
of the total mass originally dissolved in the magma.
This implies that the mobility and solubility of Cl and F
in the erupting liquid are governed by somewhat differ-
ent chemical processes (Carroll and Webster 1994).
The Laki eruption liberated a total of 6.8 and 15.1 Mt
of HCl and HF, respectively. Our estimates suggest that
the total volatile release by the eruption was ~730 Mt
(Table 7).

The groundmass-glass sulfur concentrations in the
phreatomagmatic tephra (mean 944 £217 ppm) fall be-
tween that of the inclusions and the strombolian teph-
ra. Furthermore, the estimated melt temperature of the
phreatomagmatic tephra is near the reservoir tempera-
ture of the Laki magma (Fig. 12). This evidence sug-
gests that the phreatomagmatic tephra was produced by
early quenching and fragmentation of partly degassed
magma within the conduit by explosive interaction of
water and magma. The consistently lower, but uniform,
S concentration of the strombolian tephra, however,
implies that conduit degassing was near completion
when fragmentation and venting occurred. The identi-
cal S, Cl, and F abundances in the strombolian tephra
and proximal lava samples (Tables 4 and 5) support this
conclusion. Approximately 70% of the total magmatic
SO, and H,O was released as the magma emerged from
the fissures (Table 6), and approximately 98 Mt SO,
and 183 Mt H,O were discharged into the atmosphere
above the Laki fissures at times of vigorous explosive

activity (Fig. 14; Table 7). Moreover, taking the CO,
concentrations in Table 6 at face vaiue, the Laki mag-
ma released ~80% of its carbon dioxide
(~293 Mt CO,) through vent degassing. The vent de-
gassing of HCl and HF was considerably less, 27 and
29%, respectively, of the total magmatic mass of these
volatiles, signifying an upper tropospheric/lower stra-
tospheric loading of the order of 3.6 Mt for Cl and
8.3 Mt for F.

Volatile concentrations of medial and distal lava,
which are very uniform after being corrected for degree
of crystallinity (Table A-2, Appendix II), can be taken
as the fraction of volatiles retained in the magma upon
emplacement in the medial and distal areas of the lava
field. The difference in the concentration of the strom-
bolian tephra and the lava selvages (Table 6) can be
used to estimate the volatile mass released during lava
emplacement (Fig. 13). Similarly, the difference be-
tween the concentration in lava selvages and crystalline
lava denotes the mass released during cooling and crys-
tallization of the lava after the flow had stopped its ad-
vance. According to these arguments ~11.6 Mt SO,
~1.7Mt HCl, and ~ 1.8 Mt HF were liberated from the
moving lava during transport from vents, followed by
release of ~12.5 Mt SO,, ~1.5 Mt HCl, and ~5.0 Mt HF
during cooling and crystallization (Fig. 14; Table 7).

Discussion

Magma degassing and implications for eruption
dynamics

The S concentrations in Laki glass inclusions are con-
sistent with observed S-FeO solubility relations in sub-
marine tholeiites (Wallace and Carmichael 1992; Ma-
thez 1976), suggesting that the Laki magma was near
sulfur saturation prior to the eruption (Fig. 15). Even
though the analysis of Oskarsson et al. (1984) overesti-
mates the CO, concentrations in Laki inclusions, the
results show clearly that the melt was above its CO; sa-
turation limit before it erupted (Metrich et al. 1991).
Furthermore, the concentrations of other volatiles mea-
sured in Laki inclusions imply that the melt was under-
saturated with H,O, Cl, and F (Johnson et al. 1994;
Carroll and Webster 1994). These data imply that mag-
ma over-pressurization induced by CO, saturation was
responsible for the onset of the Laki eruption and sug-
gest an early exsolution of volatiles (primarily CO.)
either in the reservoir or in the lowest part of the feed-
er dike(s).

The Scontent of the groundmass glass from Laki
products reflects progressive magma degassing during
its rise through the crust and after its emergence from
the vents as tephra and lava (Fig. 15). The differences
in the melt temperatures and composition of the tephra
types can be reconciled if the phreatomagmatic tephra
was quenched at greater conduit depths than the strom-
bolian tephra. The abundance of highly vesicular clasts
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Fig.15 S (ppm) variation as a function of FeO (wt.%) in Laki
samples. Note apparent negative correlation of S and FeO shown
by phreatomagmatic tephra and strong clustering of strombolian
tephra samples (see text for discussion). Open circles Laki-type
inclusions; asterisk mean of Laki-type inclusions; filled diamonds
inclusions with high MgO content; pluses inclusions with high
FeO content; crosses.inclusions with high FeO and TiO, content;
open diamonds phreatomagmatic tephra; filled triangles strombol-
ian tephra; open triangles lava selvages; filled circle mean of crys-
talline lava (whole rock). Heavy broken line indicates the sulfur
solubility trend in submarine basalts as shown by Wallace and
Carmichael (1992) and Mathez (1976)

in the phreatomagmatic tephra demonstrate that vesi-
culation and foam formation was well under way prior
to the explosive interaction of water and magma which
produced the deposits. Moreover, the data (Figs. 9b
and 15) show that the magma had exsolved ~20-
70 wt.% of its original S content when melt fragmenta-
tion and quenching occurred preventing further degass-
ing. The more evolved composition (Fig. 7) and mature
vesicle structure of the strombolian clasts (Fig. 8a) de-
monstrate that the strombolian tephra was produced by
fragmentation of a foam layer, presumably at very shal-
low conduit levels. Cashman and Mangan (1994) have
suggested that such magmatic foams are produced by
“runaway” bubble nucleation and growth on timescales
of hundreds of seconds, where vesiculation and magma
fragmentation occur almost simultaneously. Episodic
recurrence of this process may explain the relatively
low, but uniform, S concentrations in all of the strom-
bolian fall units (Fig.15). The high abundances of
Pele’s hair in the strombolian tephra suggest that it was
erupted by hot gas-rich fountains at high velocities
(Thorarinsson 1984; Olafsson et al. 1984; Shimozuru
1994), which may explain the fused outer surfaces of
strombolian clasts (Fig. 8b). Furthermore, the analyti-
cal data imply that the lava contained ~500ppm S
when it flowed from the vents, or alternatively that the
magma liberated =70 wt.% of its original S content
through conduit and vent degassing. The results of
Haughton et al. (1974) indicate that the sulfur capacity
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of the Laki magma at 1 atm pressure is 400 ppm, which
is similar to the measured sulfur concentrations in
strombolian tephra and the proximal lava, implying
that the vent degassing of S was limited by its solubili-
ty.
The large fraction of volatiles released at the vents
implies effective separation of volatiles and melt during
ascent. In this context it is important to recognize that
the Laki eruption was episodic, on the scale of several
days to weeks, with intense fountaining and volumi-
nous lava outpourings repeated each time a new pulse
of magma reached the surface. Also note that the low
ratio of tephra to lava volume (~ 1/35) shows that the
bulk of the magma was erupted as lava. Estimated rise
velocities of the magma pulses are in the range of 0.04-
0.32 m/s (Thordarson 1990) and are similar to the ad-
vance velocities (0.03-0.08 m/s) of the lava surges pro-
duced by the eruption episodes (Thordarson and Self
1990). This suggests that the dominant lava emissions
occurred at eruption velocities <1 m/s. Such low velo-
cities imply an eruption in the homogeneous flow re-
gime (gas and melt rise with the same velocity; Verg-
niolle and Jaupart 1986). However, the 800- to 1450-
m-high fountains at Laki indicate magma exit velocities
in the range of 130-170 m/s (Fig. 7b; Wilson and Head
1981), suggesting that the initial magmatic explosive
phases of the episodes involved eruption velocities
which were two orders of magnitude higher. Such in-
tense fountains are driven by gas jets containing en-
trained melt fragments (Vergniolle and Jaupart 1986).
Heights of fountains are controlled primarily by the
contents of exsolved magmatic gas (Head and Wilson
1987). To produce the recorded fountain heights, the
Laki magma had to have exsolved 50-75% of its origi-
nal volatile content (Wilson and Head 1981). These
considerations suggest that the explosive phases re-
sulted from separated two-phase flow in the magma
conduit, implying that transitions from separated to ho-

-mogeneous flow regime occurred during each eruption

episode (Vergniolle and Jaupart 1986).

As suggested above, the closed-cell spherical foam
structure of the strombolian tephra is best explained by
vesiculation and subsequent fragmentation at shallow
conduit levels. However, this process alone cannot ac-
count for the high degree of vent degassing suggested
by our data, because the volatile mass exsolved by the
magma upon venting indicates a bulk gas-to-melt vol-
ume ratio of >100. As shown previously, the volume of
a single fall unit is <3% of the total volume of magma
erupted in separate episodes. Consequently, the cumu-
lative bubble volume of the tephra can only be a frac-
tion (< <0.1) of the total gas volume upon eruption,
indicating that large quantities of gas exsolved from the
melt without leaving clear physical evidence of its pres-
ence. These considerations suggest that most of the gas
erupted as a free volatile phase, which supports the in-
ferred evolution of separated conduit flow during the
explosive phases. Thus, we conclude that the explosive
phases at Laki involved an early and accelerated exso-
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lution of volatiles (primarily CO,), followed by a sec-
ond vesiculation burst at shallow conduit levels which
was caused by H,O and SO, oversaturation of the melt
(Bottinga and Javoy 1991).

Based on the considerations of volatile degassing at
Laki, the dynamics of the eruption may be viewed as
follows: As the magma began its rise to the surface, vo-
latile exsolution was accelerated, liberating initially
mostly CO,. Rapid coalescence of bubbles led to for-
mation of a separated two-phase flow in the feeder dike
which enhanced the driving-pressure gradient in the
magma column (Vergniolle and Jaupart 1986), result-
ing in intense fountaining activity at the surface and ef-
ficient liberation of CO,, SO,, and H,O. This initial
bulk degassing resulted in a gradual, but rapid, transi-
tion from separated to homogeneous flow regime and
deceleration of magma rise velocities. We speculate
that during this transition period part of the magma be-
came saturated with H,O and SO,, triggering “runa-
way” vesiculation. These vesicles accumulated rapidly
at the top of the magma column to form a gas-rich foam
layer which disintegrated upon extrusion to produce
the strombolian fall units. Trailing the foam head was
more voluminous, less vesicular, partly degassed mag-
ma, corresponding to the lava-producing phase of the
eruption episodes. Cyclic recurrence of these phenom-
ena can explain the episodic nature of the eruption and
the uniformity of the texture and clast morphology of
the strombolian tephra deposits. The dominance of
separated flow regimes at the beginning of each epi-
sode implies that the bulk of the volatiles were dis-
charged during the vigorous explosive activity. The ex-
plosive phases also produced the highest eruption co-
lumns of the Laki eruption (Thordarson and Self 1993)
and therefore are likely to have discharged large quan-
tities of volatiles at or above the tropopause. Conse-
quently, the effective altitude of atmospheric volatile-
loading from eruptions such as Laki is best evaluated
by the maximum height reached by the eruption co-
lumns.

Fluorine and chlorine degassing

Many previous studies based on whole-rock analyses of
crystalline lava and glassy tephra have argued that Cl
and F are not effectively lost from the magma during an
eruption (e.g., Sigvaldason and Oskarsson 1976, 1986;
Aoki and Kanisawa 1979; Ishikawa et al. 1980; Aoki et
al. 1981). These arguments are supported primarily by
experimental Cl and F solubility data, theoretical and
model considerations, and the relatively small variation
in measured Cl and F concentrations (<20%) in sam-
ples representing various phases in a single eruption.
However, Metrich (1990) and Metrich and Clocchiatti
(1989) showed that the 1763 AD Etna magma lost 45%
of its original Cl upon eruption. Results of Devine et al.
(1984) indicate up to 50% Cl loss by magmas of inter-
mediate compositions; similar results have been ob-

tained from products of basaltic fissure eruptions in
shallow marine and subaerial environments (Unni and
Schilling 1978).

Our resuits show that the Laki magma liberated
~50% of its original Cl and F abundances during the
eruption. Approximately half of the Cl and F released
into the atmosphere was discharged at the Laki vents.
The remainder was liberated during lava transport and
during cooling of the lava after it was emplaced (Ta-
ble 6). The nearly equal degrees of degassing for these
two elements appear consistent with their similar chem-
ical characteristics and expected compatibility at mag-
matic temperatures, especially in basaltic melts free of
apatite and hydrous mineral phases (Carmichael et al.
1974). Laki inclusions have Cl and F contents which are
well below HCl and HF saturation levels in basaltic
melts (Caroll and Webster 1994); thus, fluxing by other
effervescing volatiles is a likely explanation for the ef-
fective removal of these elements from the Laki magma
(Iwasaki and Katsura 1967; Rowe and Schilling 1979).
Similar analyses of products from other basaltic fissure
eruptions in Iceland also indicate that approximately
half of the magmatic Cl and F was released into the at-
mosphere upon extrusion (Thordarson 1995).

Atmospheric loading of SO, and rate of degassing
with time

In the case of short-lived explosive eruptions with well-
documented atmospheric perturbations, such as El Chi-
chon 1982 and Pinatubo 1991, the potential amount of
H,SO, aerosols generated from the measured SO, em-
ission by the eruption is only slightly less than the max-
imum measured stratospheric aerosol loading (e.g.,
Hofmann 1987; McCormick et al. 1995). Obviously, this
does not hold for predominantly effusive fissure erup-
tions, such as Laki, where the ratio of tephra to lava is
less than 1:20 and the eruption columns just manage to
penetrate the tropopause. In assessing the SO, loading
of long-duration (months to years) lava-producing fis-
sure eruptions, it is important to evaluate the dynamics
of degassing, the timing, and the degree of degassing by
separate eruptive phases and episodes. One must also
consider the volume erupted by each phase and epi-
sode, changes in discharge, and eruptive behavior.
Contemporary descriptions of the Laki eruption in-
dicate that the highest rates of atmospheric volatile
mass loading (i.e., magma degassing) coincided with pe-
riods of vigorous eruption and peak magma discharge
at the Laki fissures (Thordarson and Self 1993; Thor-
darson 1995), implying a direct correlation between
magma and gas discharge. The Laki eruption produced
~9.0km? of lava and tephra in the first 40 days, ap-
proximately 60% of the total volume produced. Conse-
quently, Laki released ~73.0 Mt of SO, into the atmo-
sphere during this period, equivalent to atmospheric
mass loading of ~1.7 Mt per day. With 70% of this
amount liberated at the vents and carried by the erup-
tion columns to altitudes between 6 and 13 km, the



Laki eruption is estimated to have injected ~1.3 Mt
per day of SO into the upper troposphere and the low-
er stratosphere during this period. For comparison, the
annual SO, discharge by the present Pu’u’O’o-Kupaia-
naha eruption at Kilauea, Hawaii, is ~0.7 Mt (Elias et
al. 1993) or approximately half of the daily output by
the Laki fissures. The estimated SO, yield of the May
to August 1783 Asama eruption in Japan is 1.0-3.5 Mt
(Thordarson 1995), equivalent to the amount of SO, re-
leased by Laki in a few days.

The Laki eruption produced approximately 4.0 km>
of lava and tephra between August and October, half
the amount produced during the first 40 days of the
eruption (Thordarson and Self 1993). Magma produc-
tion at the Laki fissures in August and September of
1783 is estimated as 3.5 km?® in 60 days (Thordarson
1990, 1991) yielding 0.5-0.6 Mt SO, emitted daily, drop-
ping to ~02Mt per day in October and less than
0.1 Mt per day during the waning stages of the erup-
tion.

The moving Laki lava flow released approximately
25 Mt of SO, into the troposphere (Table 8), with an
almost -equal amount released by degassing of liquid
lava during and after emplacement, consistent with
contemporary descriptions of gases rising from the ad-
vancing lava and a 2-year postemplacement emission of
steam and other gases (Steingrimsson 1783, 1788). The
lava emissions represent approximately one fifth of the
total SO, released by the Laki eruption.

A total atmospheric SO, loading of ~ 122 Mt by the
Laki event gives a potential H,SO,-aerosol yield of
~250 Mt. Assuming that the aerosol particles consisted
of 75% H,SO, and 25% H,O (Thomason and Osborn
1992), this is equivalent to ~185 Mt of pure H,SO..
According to the degassing rates given above, the erup-
tion released sufficient mass of SO, in the first
2 months to generate ~175 Mt of H,SO,. This value is
similar to an independent estimate of ~200 Mt (Stoth-
ers 1996) for the accumulative total column H,SO,.-
aerosol yield from Laki in the same period using infor-
mation on atmospheric turbidity over Europe. The
agreement of two totally different methods of estimat-
ing the atmospheric loading indicates that the petro-
logic method gives reliable results for Laki. These val-
ues cannot be directly compared with earlier aerosol
mass estimates based on the amount of Laki sulfate fal-
lout in Greenland (e.g., Clausen and Hammer 1988),
because the findings of Fiacco et al. (1994) indicate that
the fallout represents only the portion of the Laki aero-
sol cloud which remained aloft in the atmosphere for
more than 1 year. The volatile contribution due to de-
gassing of the Laki lava flow is only 18% of the total
amount released by the magma. These gaseous emis-
sions were confined mostly to the lowest regions of the
troposphere and therefore only important on a regional
scale in Iceland. A more comprehensive discussion on
the environmental and climatic effects of the Laki erup-
tion is presented by Fiacco et al. (1994) and Thordar-
son, 1995.
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Appendix |
Sample locations and representation

Systematic sampling of vent and rootless-cone tephra,
and lava, was conducted to obtain an even spatial and
temporal coverage of the eruption products (Figs. 1 and
4; see also Table 1). The phreatomagmatic tephra and
the strombolian tephra samples (Table 1) provide in-
formation about the volatile and magma composition
during magma rise in the conduit and upon vent extru-
sion. The groundmass glass of lava selvages and root-
less-cone tephra represent the liquid lava which was
quenched rapidly upon emplacement at the respective
sample location. These samples provide information
about the chemical and the physical properties of the
liquid lava at various distances from source. Sam-
ples VRC-9, VRC-11, L-23, and LEIRC-3-1 to LEIRC-
20A-8 represent the lava stream which emerged from
the fissure segments SW of Laki and advanced down
the Sida highlands through the Hellis4 river valley be-
fore entering the Skaftar River gorge (Thordarson and
Self 1993). VRC-9 and VRC-11 are tephra samples
from rootless cones located ~2 km south of the fissures
in Varmérdalur (location 9) and sample L-23 is from
the basal selvage of lava flow unit near Kalfd (loca-
tion 7) and field relations suggest that both units were
formed before 30 June 1783 (Thordarson 1990, 1991).
The lava and tephra samples from the Leid6lfsfell root-
less cone group (location 12) were produced by explo-
sive interaction of lava and water around 17 June 1783
(Steingrimsson 1783, 1788; Thordarson 1990, 1991).
Sample locations 7 and 12 are 16 and 21 km from the
source, respectively, and thus come from the medial
part of the early formed lavas. The distal lava of the
same flow field is represented by samples L.-24 and L-
25, which compose the basal and surface selvage, re-
spectively, of a single 3.5- to 6.0-m-thick flow unit (Sal-
9) at Eldvatnsbri (location 8). This flow unit was em-
placed sometime between 14 June and 12 July 1783.
The samples L-20, L-21 (location6), BRC-9 (loca-
tion 10), and NIRC-7 (location 11) are from flow units
which belong to the lavas produced by the fissures NE
of Laki between 1 August and 1 October. At location 6,
a distance of 14 km from source, the Laki lava is com-
posed of two emplacement units (E1 and E2), each
containing several flow units. Sample L-20 is from the
surface glass selvage of the uppermost flow unit of the
lower emplacement unit (E1FU4), whereas L-21 is the
basal selvage of a flow lobe within the lower half of the
upper emplacement unit (E2FU2). Sample BRC-9 is
tephra from the Blengur rootless cone group, located
0.5 km south of fissures northeast of Laki and sam-
ple NIRC-7 is tephra from the Innrieyrar rootless cone
group located 1.5 km north of the fissures. Both sam-
ples are representative of the proximal lava.
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Appendix Il

Table AIl-1 Major element and volatile composition of the samples used in this study

Laki inclusions:
Label SiO,

Group 1. Laki composition

L-i-1 49.88 2.87 12.73
LAi-2 49.61 293 12.06
L-i-3 4961 285 13.07
L-i-4 49.72 2.88 12.50
L-i-5. 4925 293 13.40
L-i-6 49.83 2.73 13.56
LAi-7 4924 307 1317
L4i-8 4948 321 1341
L-i-9 49.69 325 13.29
L-i-10 50.51 2.84 13.36
Group 2. High FeO

L-i-11 4870 3.00 12.48
L-i-12 49.05 298 12.01
L--13 50.05 3.10 1174
Group 3. High FeO and TiO,
L-i-14 48.86 340 13.15
LAi-15 48.87 3.45 13.00-
Group 4. High MgO

L-i-16 49.65 2.17 1345
L--17 49.13 2.00 12.03
Strombolian tephra:

Label SiOz “02 AIZO;;
LS1-01-11 4997 305 13.24
LS1-01-12 50.13 3.01 13.28
1LS1-04-12 50.09 3.08 13.21
LS1-04-14 50.11 3.10 13.24
1.51-04-17 4998 3.04 13.19
LS1-04-18 50.01 3.06 13.18
LS2-06-11 4996 3.01 13.38
LS2-06-12 4993 3.08 13.20
LS3-02-31 4996 3.01 13.24
LS3-02-32 4992 3.02 13.20
1.53-02-33 4993 3.01 1321
LS3-02-34 49.82 3.02 1322
LS3-02-21 4998 3.04 13.18
LS3-02-22 4961 3.00 13.12
LS3-02-23 50.18 3.04 1331
LS3-02-24 4920 294 13.19
1L83-03-11 4992 296 13.15
LS83-03-12 49.85 3.04 13.08
LS$3-03-13 49.84 3.04 1328
LS3-03-15 4923 3.03 13.14
LS4-01-11 50.10 3.12 13.11
1.54-01-12 50.03 3.15 13.06
Phreatomagmatic tephra:

Label SiOz TiOz A]zOg
LP1-U2-1 49.67 2.80 13.38
LP1-U2-2 4950 2.74 13.50
LP1-U2-3 49.88°2.77 13.45
LP1-U24 49.67 2.74 1332
LP1-U2-21 4952 272 13.25
LP1-U2-61 50.19 3.10 13.17
LP1-U2-62 49.53 298 1325
LP1-U3-2 49.61 2.84 13.46
LP1-U5-22 49.34 2.69 13.40
LP1-U5-42 49.71 3.08 13.22
LP1-U5-61 4976 3.01 13.23
LP1-U5-62 4998 3.05 13.06
LP2-05-11 4990 3.00 13.46
LP2-05-12 49.52. 2.38 13.70
LP2-05-13 50.10 2.96 13.27

“02 Al203 FeO

1455
13.74
13.88
1433
13.98
13.24
14.33
13.84
13.35
12.51

16.01
15.00
14.99

16.36
16.26

12.17
13.41

FeO

14.19
14.15
14.27
14.49
1445
14.36
14.12
14.56
14.00
1417
13.92
13.84
13.92
14.08
13.79
13.92
14.00
14.20
14.30
14.08
14.38
14.46

FeO

13.69
13.47
13.37
13.68
13.79
14.58
14.56
13.61
13.82
13.97
14.11
14.12
13.91
12.60
14.27

MnO MgO CaO Na,0K;0

0.24
0.22
0.24
0.23
0.24
0.17
0.25
0.18
0.19
022

0.24
0.23

023

0.24
0.19

0.21
0.23

6.05
6.31
577
591
5.78
5.91
5.57
532
5.83
5.35

551
6.38
5.99

4.78
4.62

6.96
8.47

10.14
10.00
10.39
1051
10.25
10.49
10.38
10.68
10.66
10.98

10.25
10.60
10.38

9.61
9.50

11.51
11.37

MnO MgO CaO

0.23
0.22
0.21
0.19
0.21
0.22
0.24
0.26
021
0.21
0.21
0.23
022
0.20
0.22
023
0.19
0.24
0.19
0.21
0.23
0.25

5.41
5.43
5.47
5.37
547
5.37
5.44
5.31
5.42
5.44
5.37
5.45
5.39
5.44
5.43
5.37
5.43
533
5.44
5.43
5.20
5.22

10.08
10.14
9.83
9.87
9.77
9.75
10.15
9.87
9.90
9.81
9.89
9.86
9.89
9.92
9.85
9.77
9.92
9.88
9.91
9.77
10.12
10.08

MnO MgO CaO

0.22
021
0.18
021
0.17
0.25
0.23
023
0.22
0.23
0.22
0.21
0.23
0.21
023

5.85
5.98
5.88
5.75
6.01
5.26
5.64
571
593
533
5.35
5.33
5.25
6.46
5.40

11.02
11.07
11.20
10.96
11.02

9.65
10.12
11.12
10.95

9.74

9.92

9.80
10.14
11.70
10.21

2.69
2.91
3.01
2.85
2.98
2.85
2.83
274
2.85
2.64

2.46
2.43
241

2.58
2.55

3.01
247

Nazo Kzo

2.81
2.69
2.83
2.75
2.79
2.85
2.83
2.80
2.84
2.82
21
2.59
2.56
2.75
2.53
2.67
2.86
2.80
2.63
21
2.80
2.85

Na,0K,;0

2.23
2.34
2.28
2.32
2.21
2.30
2.45
241
2.41
2.74
2.76
2.82
2.86
2.58
2.89

0.47
0.53
0.42
0.41
0.42
0.38
0.47
0.36
0.36
0.38

0.39
0.57
048

042
048

0.38
0.39

0.45
0.49
0.45
0.46
0.45
0.44
0.46
0.49
0.45
0.44
0.46
0.44
0.44
0.47
0.46
0.44
043
0.44
0.47
0.42
0.49
0.48

0.62
0.49
0.55
0.55
071
0.71
0.72
0.46
0.69
0.44
0.45
0.44
0.47
0.32
0.46

PzOs Sum

0.19
0.34
0.25
0.30
0.27
033
0.31
0.24
0.24
0.31

0.34
0.26
0.32

0.33
0.37

0.20
0.17

99.82
98.65
99.50
99.65
99.50
99.50
99.62
99.46
99.72
99.10

99.39
99.51
99.69

99.73
99.29

99.72
99.67

PzOs Sum

0.35
0.36
0.32
0.35
0.28
0.32
0.35
0.36
0.31
0.26
0.34
0.33
0.27
0.28
0.32
0.34
0.30
0.27
0.32
0.26
0.36
0.36

99.78
99.90
99.75
99.92
99.63
99.55
99.92
99.86
99.34
99.29
99.05
98.79
98.90
98.87
99.12
98.07
99.15
99.14
99.41
98.28
99.92
99.94

PzOs Sum

0.25
0.24
0.26
0.25
0.23
0.25
0.33
0.28
0.24
0.29
0.31
0.30
0.35
0.25
0.33

99.73
99.54
99.81
99.46
99.63
99.47
99.81
99.71
99.68
98.76
99.13
99.09
99.58
99.71
100.12

S

1430
1985
1520
1570
2140
1530
1660
1720
1690
1515

1740
1720
1435

1970
1275

1244
1675

418
480
425

498
534
455
515
470
465
520

545
555
515
510
570
455

461

1090
1050
1115
995
930
490
1260
1125
1075
835
770
785
958
980
507

Ci

270
250
300
290
290
360
270

350
270

185
260
295

310
285

262
198

a

150
159
225

235
225
148
147
245
245
245
245
320
250
280
175
315
320
200
250
164
134

Cl

256
190
210
200
180
130
240
185
450
240
295
350
143
122
137

F

660
820
705
530
665
720
530
690
550
780

450
530
630

710
610

618
562

431
515

445
500
455
518
445
525
525
450
530
310
485
415
450
525
485
510
496
482

345
415

455

335
265
485
320
485

426
381
505

Mg#

42.55
44,98
42.56
42.35
42.40
4428
40.92
40.63
43.77
43.24

38.02
43.12
41.61

3423
33.61

50.44
52.95

Mgt

4043
40.62
40.57
39.78
40.26
39.98
40.70
39.41
40.81
40.64
40.75
41.24
40.83
40.78
41.22
40.76
40.88
40.09
40.40
40.73
39.19
39.14

Mgt

43.19
4418
43.93
42.82
4371
39.14
40.85
42.77
43.34
40.48
40.32
40.21
40.21
47.75
40.25

N Host

1
12
6/5
4/3

[\)
MO0 Q000 OWWTENT

s~ la -}

45 P
45 P

Ves.% Cr.% N

65
45
50
70
75
88
55
55
71
84
78
82
84
90
77
88
78
57
61
72
45
48

NMHHHHOOOHHHHHWMHP‘NWF—‘H

-

WWWWWWWWLLW
&>

Ves.% Cr.% N

2
0
0
1
54
55
10
49
38
50 1
69
59
28
0
80

(SR V]

[ ey i I S V)

18
5/6
23
3/4
2/4
1/3

2/14

31

(Continued)
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Table AIl-1 (Continued)

Lava selvages:

Label $i0, TiO, Al,O; FeO MnO MgO CaO0 Na,0K,0 P,05 Sum S A F Mgt Cr% N Dkm)
L-20 4975 3.78 11.79 1631 027 452 9.37 278 056 043 99.55 460 270 613 33.07 35 16/11 14
L-21 50.03 3.86 11.84 1605 025 4.66 9.48 2.78 0.57 036 9989 434 309 608 34.10 23 75/39 14
L-23 5031 3.64 11.49 1657 026 477 881 2.56 090 037 99.69 442 228 521 33.88 30 33 16
L-24 4978 3.80 11.85 16.17 027 469 943 266 055 036 99.56 467 217 604 34.05 38 4/16 45
L-25 4978 3.82 11.77 1620 029 4.69 929 275 054 039 99.51 470 226 594 34.01 35 513 45
Rootless cone tephra RCT-groundmass glass:

Label Si0, TiO, A0, FeO MnO MgO Ca0 Na,0K;0 P,;0; Sum S Ct F Mg# Cr.% N D(km)
VRC-9-1 49.80 3.48 12.12 1552 025 4.80 10.00 2.77 053 039 9976 451 182 496 3553 35 333 2

VRC-11-11 4966 3.68 1198 1590 024 467 9950 2.82 056 042 99.83 435 168 471 3435 35 32 2
VRC-11-12 4995 367 12.00 1608 026 459 979 2.80 057 042 10012 447 165 644 3370 28 33 2
BRC-9-31 50.06 3.15 1328 1445 0.19 525 9.88 277 044 036 99.84 740 270 465 3932 12 44 05
BRC9-32 4881 437 13.04 1481 022 478 9.70 261 0.79 0.73 99.87 459 268 397 3731 15 33 05
BRC-5-1 4891 339 12.05 1692 027 476 10.09 2.66 043 037 99.86 914 120 454 3337 2 33 05
NIRC-7-11 4962 3.60 11.97 1564 025 465 1012 2.84 0.62 042 99.74 435 201 482 3462 18 23 15
NIRC-7-12 4987 3.71 1190 1622 026 463 9.65 221 078 041 99.62 448 173 534 3370 18 23 15
LEIRC-3-1 4954 3.86 11.69 1656 027 4.64 937 275 058 044 9972 335 190 575 3331 45 85 21
LEIRC-3-2 4967 394 1171 1661 025 459 933 275 056 048 99.87 435 250 535 32.97 45 85 21
LEIRC-3A:1 4948 434 1145 17.69 024 410 9.03 259 0.65 0.62 100.18 29.22 50 4 21
LEIRC-41-3 49.86 391 11.81 1626 020 479 9.50 2.69 0.53 0.46 100.02 34.40 30 3 2
LEIRC-423 4971 392 11.54 1667 025 451 9.19 2.81 057 040 99.57 340 215 540 3254 30 55 21
LEIRC-20A-8 49.86 3.88 11.75 1634 022 463 936 276 056 039 99.76 405 265 495 3355 30 55 21

RCT whole-rock composition:

Label - Si0, TiO, AlLO; FeO MnO MgO CaO Na,0K,O P05 Sum Mg# D (km)
LEIRC-02 49.60 274 1331 14.03 022 592 1046 2.67 051 041 99.87 4291 21
LEIRC-03A 4959 266 1336 13.66 024 6.08 1060 2.74 053 041 99.87 44.23 21
LEIRC-12 49.07 2.80 13.52 13.96 023 585 10.87 265 0.50 042 99.85 42.75 21
New whole-rock analyses of Laki lava:

Label Si02 Ti02 Al203 FeO MnO MgO Ca0O Na20K20 PzOs Sum Btig# D (klll)
L3 50.04 277 13.88 13.73 022 555 1042 245 042 028 99.76 41.88 1
L9 50.10 2.74 13.86 13.97 022 549 1043 239 043 029 9992 4121 1
LEI-04 4958 2.71 1327 1398 023 593 1041 281 054 041 99.87 43.04 21
LEI-12 50.05 2.66 13.49 1333 022 588 1068 261 051 044 9985 44.01 21
L-14 50.17 2.80 13.96 13.96 022 552 1042 242 041 029 100.17 4135 47

Host, mineral hosting inclusion; P, plagioclase; O, olivine; C, clinopyroxene; D, distance from vents in km; Mg # =100 Mg/(Mg + Fe*),
Fe* =total Fe; Ves.% and Cr.%, vesicularity and crystallinity respectively; N, number of analyses

*

Table AII-2 Correction of measured S, Cl and F values in Laki lava selvages and rootless cone tephras for the effect of crystallization
during lava emplacement

Label Mg# FeO Cr.% S S Cl c1? F F?* N
Lava selvage

L-20 33.07 1631 32 460 375 270 220 615 500 11
L-21 34.10 16.05 23 435 330 310 235 610 460 39
L-23 32.73 16.42 30 440 340 230 175 520 400 6
L-24 34.05 16.17 38 490 355 195 145 545 395 16
L-25 34.01 16.17 35 470 350 225 165 595 440 3
Rootless cone tephra

VRC-9-1 3553 15.52 35 451 334 182 135 496 367 3
VRC-11-11 34.35 15.90 35 435 322 168 124 471 349 3
VRC-11-12 33.70 16.08 28 447 349 165 129 644 503 3
BRC9-31 39.32 1445 12 740 660 270 240 465 415 3
BRC-9-32 3731 14.81 15 459 400 265 230 395 345 3
BRC-5-1 33.37 16.92 2 914 896 120 117 454 445 3
NIRC-7-11 34.62 15.64 18 435 368 201 17 482 408 3
NIRC-7-12 33.70 16.22 18 448 380 173 147 534 452 3
LEIRC-3-1 3331 16.56 45 335 230 190 130 575 395 8/5
LEIRC-3-2 3297 16.61 45 435 300 250 170 535 370 8/5
LEIRC-42-3 3254 16.67 30 340 260 215 165 540 415 515
LEIRC-20A-8 3355 16.34 30 405 310 265 205 495 380 5/5

a Corrected values; N, number of analyses
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