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Source Mechanism of the 1987 Vatnafjoll Earthquake in South Iceland
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The- May 25, 1987, Vatnafjoll earthquake occurred on the Mid-Atlantic plate boundary, at
a junction between a transform (the South Iceland Seismic Zone) and a spreading segment
(the Eastern Volcanic Zone). The South Iceland Seismic Zone has had the most destructive
earthquakes in the history of Iceland with average intervals of 80-100 years and estimated
maximum magnitudes around 7. The 1987 Vatnafjoll earthquake was the largest earthquake
(mp=5.8; Mg=5.8; My =>5.9) in south Iceland since the 1912 magnitude 7 ea.rthqua.ke and is
the first event sufﬁaently large to allow a meaningful study of source process in this geologically
interesting region. Foreshocks and aftershocks of the Vatnafj6ll earthquake were located with rel-
atively good accuracy. They define an elongated N-S eplcentral area, 12 km long and 4 km wide
with hypocentral depths mostly between 6 and 13 km. We determined centroid source parameters
of the Vatnafjoll earthquake by inverting long-period teleseismic P and SH waves. The centroid
source mechanism and foreshock and aftershock distribution indicate N-S right-lateral strike-slip
faulting on a near-vertical plane. The rupture initiated near the base of the crust and propagated
upward along an a,pproxlmately 10-km-long fault but did not reach the surface. The centroid
depth is well constrained and is between 5 and 8 km depth at the 95% confidence level. The
seismic moment is 9.1x102¢ dyncm. The source has relatively short duration of 3 s, which may
indicate higher stress drop than global average of earthquakes of this size. The South Iceland
Seismic Zone is a 70-km-long E-W striking transform zone between two overlapping rift zones, the
Eastern and Western Volcanic Zones. It is characterized by “bookshelf” type of tectonics; that is,
there is no surface faulting in the direction of the transform. Instead, N-S right-lateral strike-slip
faults are distributed along and perpendicular to the transform zone. The Vatnafjoll earthquake
has characteristics of earthquakes in the South Iceland Seismic Zone and is probably not related
directly with magmatic activity in the Eastern Volcanic Zone. The transform zone thus extends

farther into the rift zone than was previously recognized.

INTRODUCTION

The Vatnafjoll earthquake of May 25, 1987 (mp = 5.8;
Ms = 5.8; M, = 5.9), is the largest earthquake to occur
in Iceland since 1976. It occurred in an unpopulated area
in south Iceland, and datnage was only minor. The epi-
central area of the event and its foreshocks and aftershocks
are within the Eastern Volcanic Zone, where it joins with
the South Iceland Seismic Zone (Figure 1). Both zones are
parts of the Mid-Atlantic plate boundary that crosses Ice-
land: the forrmier is a spreading boundary and the latter is a
transform-type zone [Einarsson, 1986]. The tectonics of this
ridge-transform intersection is not well understood. As this
area has been relatively quiet seismically for the last few
decades, it has not been known how far into the volcanic
zone the transform continues.

Plate divergence in the southern part of Iceland is accom-
modated by two subparallel rift zones, the Western and the
Eastern Volcanic Zones. The gap between them is bridged
in the south by a transform zone, the South Iceland Seis-
mic Zone, which takes up the transform motion between the
Reykjanes Ridge and the Eastern Volcanic Zone (Figure 1).
No comparable seismic zone at present links the northern
end of the Western Volcanic Zone to the plate boundary in
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central Iceland. Partly for this reason one can conclude that
rifting is dying out in the Western Zone and is being taken
over by the Eastern Zone..

The structure of the volcanic zones is charatterized by
structural units called volcanic systems [Snemundsson, 1974,
1978; Jakobsson, 1979]. Each volcanic system consists of a
central volcano and a fissure swarm that transects it. Vol-
canic production is highest in the central volcano of each
system, but fissure eruptions may occur out to considerable
distance in the fissure swarm area. Frequently, a geothermal
field, acidic volcanism, and a caldera structure are associ-
ated with the central volcano. One of the volcanic systems
identified in south Iceland is the Vatnafjoll system [Jakob-
sson, 1979] (Figure 1). It is identified primarily on the ba-
sis of its petrologic characteristics and a clear productivity
maximum, which has built up a distinct volcanic edifice.
Its fissure swarm is poorly developed, and thermal activity
and caldera are absent. No volcanic activity is known in
Vatnafjoll in historical time, i.e., the last 1100 years. This
is in contrast to the neighboring volcano Hekla, which has
erupted at least 17 times in the same time interval [Grénvold
et al., 1983)].

The South Iceland Seismic Zone crosses the populated
lowland in south Iceland from west to east, and extends
into the Eastern Volcanic Zone, which has a width of about
60 km at this latitude. This junction is marked by the
Hekla, Vatnafjoll, and Torfaj6kull volcanic systems (Figure
1). The seismic zone has produced numerous destructive
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Fig. 1. A tectonic index map of southern Iceland showing the Western and Eastern Volcanic Zones (WVZ,
EVZ) and the South Iceland Seismic Zone (SISZ) that connects them near 64°N latitude. The epicenter of the
Vatnafjoll earthquake is marked with ah asterisk.” The arrows show thé spreading direction betweeti the Eurasian
and North American plates. The full spreading rate is about 2 em/yr. The Hekla, Vatnafjsll, and Torfajokull
central volcanoes are marked with H, V, and T, respectively: Triangles show the locations of seismographs used
in this study. Recent earthquake faults and volcanic systems are after Finarsson dnd Semundsson [1987].

earthquakes in Icelandic history, some of which have been
well documented. It was identified as a transform fault zone
by Ward [1971], primarily. on:the-basis of'its geometric re-
lationship fo the ridge system @nd oné poorly: constrained
fault plane solution that showed strike:slip- faulting-on an
E-W or a N-S striking plane. The spatial~and temporal
pattern of the seismicity was summarized by Finarsson et
al. [1981].- The zomne is delineated by destruetion areas of
historical earthquakes, surface ruptures, and instrumentally
determined- epicenters. It is oriented E-W and is 10-15 km
wide. Destruction areas of individual earthquakes and sur-
face faulting show, however, that each event is associated
with faulting on N-S striking planes, perpendicular to the
trend of the South Iceland Seismic Zone: Destruction ar-
eas are elongate in the N-S direction and detailed mapping
of surface fractures [Einarsson and Eiriksson, 1982] reveal
N=8 trending arrays of en echelon tension fractures indicat-
ing right-lateral faulting. The overall left-lateral transform
motion along the zoné thus appears to be accommodated
by right-lateral faulting on many parallel, transverse faults:
FEinarsson and Eiriksson [1982] speculated that this was an
indication of the transient nature of the plate boundary in
south Iceland and suggested that the seismic zone was mi-
grating southward in response to propagation of the Eastern
Volcanic Zone. ‘

Major earthquake sequences in which most. of the zomne is
affected, tend to last from a few days to about 3 years. These
major sequerices occur at average intervals of 80-100 years.
Each sequence typically begine with a magnitude 7 event in
the edstern part of the zone, followed by smaller events far-
ther west. The last sequences occurred in 1732-1734, 1784,
and 1896, so the next sequence is expected soon [Einarsson,

1985]. In addition to these major sequences, individual large
events have occur near the eastern and western ends of the
zone, like the magnitude 7 earthquake west of Hekla in 1912.
+ The Vatnafjoll earthquake in 1987 was tlie largestievent in
the:South Iceland Seismic Zone since 1912. Tt immediately
raised .several important questions: Did'it signal reneied
magmatic activity .of the Vatnafj6ll volcanic system? . Was
it tectonically related to:the South Iceland.Seismi¢ Zone
rather than the volcanic zone? Is it perhaps a prehide-to a
major sequence of earthiquakes in the populated areas in the
seismic zone to the west? And what lessons can be:learned
from it about fracturing of the Icelandic crust? T
In this paper we study the faulting mechanism of the Vat-
nafjoll earthquake in an attempt to answer these questions:
Local seismic data are used to locate the event and its fore-
shocks and aftershocks,; and teleseismic, long-period body
wave data are used to determine the source mechanism.

THE EARTHQUAKE SEQUENCE

The mainshock was accompanied by both foreshocks and
aftershocks (Figure 2 and Table 1). Foreshocks began at
about 0900 UT -May 25, 1987, with a series of five shocks
in 3 min, the largest of which was of magnitude 38 The
foreshock activity was followed by almost 1.5 hours of quies-
cence. Then there were additional foreshocks, and the main
event occurred at 1131 UT. It was immediately followed by
numerous aftershocks. The largest one occurred at 1221
UT , and had a magnitude of 3.6. At 1300 UT the activ-
ity subsided considerably, but many microearthquakes were
still recorded on the closest seismograph, which is near the
summit of Hekla at a distance of 10-15 km. Single small
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Fig. 2. Magnitudes of earthquakes in the Vatnafjéll sequence as a function of time. The magnitudes are based
on the duration of the seismic signal on local seismograms, except for the mainshock, for which Mg is plotted.

TABLE 1. Earthquake Sequence

Date Time, Lati- Longi- Depth, Magni- Ah,° Az°
uT tude tude km tude km km
May 25,1987 0859:12.46  63°54.31’ 19°45.68’ 9.9 3.8 0.5 1.3
May 25,1987 0859:40.44  63°54.89’ 19°46.27' 10.6 3.0 0.8 1.5
May 25,1987  0900:35.93  63°55.07' 19°46.41' 7.9 2.8 0.6 2.8
May 25,1987  0901:24.26 63°54.55'  19°45.64' 104 2.8 0.4 1.1
May 25,1987  1025:38.36  63°55.67' 19°46.22/ 11.8 2.0 0.5 0.9
May 25,1987  1050:26.13  63°55.23’ 19°47.84’ 12.1 1.6 0.6 11
May 25,1987  1130:07.36  63°55.28' 19°46.08' 12.2 1.8 0.6 1.0
May 25,1987 1131:54.70  63°54.54' 19°46.75' 11.3 5.5 0.6 1.3
May 25,1987 1135:38.28  63°56.45’  19°47.09 7.3 3.5 0.4 0.9
May 25,1987 1138:37.54  63°52.60’ 19°44.42' 12.1 3.2 0.5 14
May 25,1987 1143:38.49  63°54.32’ 19°45.39’ 6.9 2.7 0.4 2.3
May 25,1987 1147:14.95 63°53.28'  19°46.09’ 11.7 2.0 0.6 14 .
May 25, 1987 1148:15.99 63°53.37" 19°46.45' 10.7 3.3 0.5 1.5
May 25,1987  1149:11.90 63°51.48’  19°46.79 10.5 24 1.8 3.3
May 25,1987  1154:57.52  63°53.09' 19°44.41’ 11.1 2.4 0.6 1.6
May 25,1987  1155:42.38  63°53.19’ 19°44.62’ 8.4 1.8 0.7 1.6
May 25,1987  1156:06.41  63°53.86' 19°44.99' 6.1 2.2 0.6 2.7
May 25,1987 1159:53.48  63°53.85 19°44.75' 8.6 2.5 04 1.1
May 25,1987  1206:03.08 63°53.05'  19°46.71’ 8.3 2.0 0.4 1.2
May 25,1987 1213:02.41  63°51.85' 19°49.74’ 13.1 2.2 0.5 1.2
May 25,1987 1213:27.64  63°53.17 19°45.36’ 6.1 2.8 0.4 14
May 25,1987  1221:50.49  63°33.79’ 19°45.88' 8.2 3.6 0.6 1.8
May 25,1987 1225:58.91  63°55.38'  19°46.23' 10.7 2.2 04 1.1
May 25,1987  1234:23.47 63°55.04'  19°45.76 11.2 1.7 0.6 1.3
May 25,1987  1243:26.47  63°52.94'  19°47.51 10.5 2.0 0.6 1.5
May 25,1987  1342:40.49  63°54.58’ 19°44.21' 7.1 2.8 0.4 1.2
May 25,1987  1343:46.28  63°54.64'  19°44.15 7.6 2.3 0.7 2.1
May 25,1987  1344:10.35  63°56.19’ 19°42.72/ 11.2 2.4 0.5 1.1
May 25,1987  1405:03.36  63°52.53’ 19°47.77' 11.5 2.1 0.5 1.3
May 25,1987  1416:25.28  63°55.45' 19°43.44’ 8.6 2.3 0.6 14
May 25,1987  1431:49.00 63°52.82'  19°47.17 12.8 1.9 0.5 1.2
May 25,1987 1933:01.85 63°52.46'  19°45.82 7.5 2.1 04 1.3
May 25,1987  2145:25.85 63°53.90)  19°44.46' 77 3.0 0.6 1.8
May 25,1987  2201:00.55 63°54.55'  19°43.28’ 7.6 1.8 0.6 1.5
May 26,1987  0030:15.97  63°55.05'  19°46.50 11.5 2.0 0.8 1.4
May 26, 1987  0920:59.96  63°54.38'  19°44.33' 10.2 3.2 0.5 14
May 27,1987  0256:33.44  63°53.47'  19°43.48’ 7.5 2.3 0.5 1.7
May 27,1987 0603:54.33  63°57.80'  19°45.08’ 6.1 2.3 0.5 0.8
June 02, 1987  1652:15.14  63°53.63'  19°44.59’ 4.8 2.1 0.5 1.3
June 29, 1987  0201:36.50  63°56.75'  19°44.60 9.3 2.5 0.4 0.8

The magnitudes are based on the duration of the seismic signal on local seismograms.
aUncertainty in the horizontal and vertical location at one standard error [Klein, 1978].
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shocks of magnitide less than three were recorded in June,
but since then the area has been relatively quiet.

The earthquake sequence was recorded on, the local net-
work of short period seismographs, which is relatlvely dense
in this Tegion (Flgure 1). Fifteen instruments were in oper-
ation within a 100-km distance, and the nearest station was
generally within 15 km of the events. The location program
HYPOINVERSE by Klein [1978] was used, with a crustal
model based on the RRISP 77 deep refractlon profile [An-
genheister et al., 1980; Gebrande et al., 1980] that was run
close to this area. The modél is one-dlmensmnal and con-
sists of several layers with constant velocity gradients biit
no discontinuites in velocity (Table 2). Station corrections
have been found by trial and error in locating earthquakes
and explosions of known origin. Six to seventéen readings
were used in the location of the earthquake sequence, and
the RMS time differences were generally less than 0.15 s.
Absolute locations found by this method are generally ac-
curate within 1 km, and the caleulated standard error (see
Table 1) can be regarded as a resonable representatlon of
relative location error.

The epicentral area of the earthquakes is at the western
foot of the main Vatnafjéll edifice (Figures 3 and 4). It is
elongate in the N-S direction, about 12 km long and 4 km
wide. Hypocential depths of almost all events are in the
range 6-13 km (Figure 5). The earthquakes thus occurred
in the lower part of the crust, which éxtends to 14 km depth
in this area. The mainshock hypocenter is located at 11 km
depth. The foreshocks all occurred within a 2 km horizontal
distance of the mainshock (Figure 3). They by themselves
define a narrow, N-S trending zone, which is 3 km long. The

first few locatable aftershocks extend over a harrow 8 km

long zone, and 17 min after the ma,mshock the aftershocks
extend over 10-km-long zone. The two' ‘northernmost shocks
occurred on May 27 and June 29, after the main act1v1tyT

was over. We conclude from the hypocentral d1str1but10n}_‘

and the time sequence of the events, that the lower part:
of the crust was ruptured along a N-S striking fault. The

TABLE 2. Crustal Structure

Depth Ve, Vs, Density;
km kmy/s ~km/s g/cm?
Locil Model®
0.0 3.40 1.96
1.5 - 4.60 -2:66
9.0 6.50 3.75
14.0 7.00 4.04
32.0 7.40 4.27
Source Model?
0.0 4.00 2.31 2.30
1.5 5.55 3.20 2.75
9.0 6.75 3.90 3.00
14.0 7.20 4.16 3.10
Receiver Model®
0.0 6.00 3.46 2.75

%Used in location of earthquake sequence. Layers have constant
velocity gradients.

bUsed in calcilation of synthetic seismograms.
constant velocities.

Layers have

1987 SOUTH ICELAND EARTHQUAKE

rupture extended 10 km and possibly as much as 12 km
along the fault.

The 4-km width of the epicentral zone is larger than can
be accounted for by the horizontal érrors of the locations
(Table 1). More than one fault seems to be involved. The
zone is narrow in the middle and broadens out toward the
ends. If one plots only the foreshocks and the aftershocks
of the first half hour, 18 events in all, a much narrower zone
emerges (Figure 4). This zone is about 1.5 km wide and has
a strike of 345°. Aftershocks in the following 21 hours define
a second zone, similarly narrow, with a, strike of about 35°.
The significance of this observation is not clear at this time.

SURFACE EFFECTS

As soon as the epicentral area had been deterniined with
sufficient accuracy, a reconnaissance party went to the area
to study possible surface effects or faulting. Abundant evi-
dence of heavy shaking were found, such as rock falls, over-
turned rocks and gravel, soil cracks, and snow avalanches
[Binarsson; 1988]. No evidence of bedrock faulting at the
surface could be found, in spite of considerable search. Soil
cracks that were found were randomly oriented and had
no resemblance to the regular faulting pattern described by
Einarsson and Eiriksson [1982] from other parts of the seis-
miic zone. It is concluded that crustal faulting did not extend
to the surface in this earthquake.

WAVEFORM INVERSION

We determined the best ﬁttmg double-couple point source
from inversion of long-period (vértical component) P and
long-period SH waveforms using the inversion technique
of Ndbélek 1984, 1985). Parameters estimated by the in-
version are the double-couple orientation, centroid depth,
seismic. moment, and apparent source time function. The
seismograms used were recorded by Canadian, Global Dig-
ital Seismic Network (GDSN) ‘and World-Wlde Standard
Selsmograph Network (WWSSN) statlons at epicentral dis-
tances. between 30° and 90° for. P, waves and 30° and 70°
for SH waves (Table 3). In these dlstance ranges the travel
time curves do not have multlphcatlons which makes it sim-
ple to calculate the Greens functions. Seismograms recorded
by Canadian and WWSSN stations were hand digitized and
interpolated &t intervals of 0.5 . Amplitudes were equal-
ized to an ingtrument magmﬁcatlon of 1500 at a distance
of 40°. For the inversion we used a layered velocity model
for the source . region based on:the same gradient velocity

- model that was used above for locating the earthquake se-

quence. The density profile in the source region is based
on a compilation by Ryan [1987] (Table 2). The receiver
crustal stricture (Tablé 2) is expected to be adequately ap-
proximated by a half-space [Ndbélek, 1984]. To account for
anelastic attenuation, we used the conventional ¢+ values of
1.0 and 4.0 s for long-period P and SH waves respectively
[Futterman, 1962]. The far-field source time function is pa-
rameterized by a series of overlapping isosceles triangles of
preassigned number and duration. The relative amplitudes
of the triangles are determined by the inversion.

The estimated values of the parameters of the best fitting
double-couple point source are those which minimize the
mean square residual R? defined as

N M,
Dt Doy Wit (815 — 0ij)?

R*=
Zﬁ—J M;

€5
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Fig. 3. Epicenters of the Vatnafjoll sequence. Foreshocks are marked with a cross. Elevation is contoured at
200-m intervals. The nearest seismograph, marked with a triangle, is north of the summit of Hekla, on the 1000-m
contour. The eruptive fissures active in the Hekla eruptions of 1980-81 are shown with thick solid lines {Grénvold
et al., 1983]. The epicentral zone is elongate in the N-§ direction and bridges the gap between the Vatnafjéll and

Hekla volcanic systems.

Fig. 4.

(a) Epicenters before 1210 UT, and (b) epicenters of the following 12 hours.

4317



4318

(wy) yideg

-
@/

15

Fig. 5. Histogram of hypocentral depths of the Vatnafjéll se-
quence. N is the number of events within the respective 1-km
depth interval.
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where s;; and o;; are the amplitudes of the jth synthetic
and observed seismograms at time sample ¢, w; is the weight
used for the jth seismograim, M; is the number of samples
in the time window used in the inversion for seismogram
J, and N is the total number of P and SH seismograms
used in the inversion. Because of the larger amplitudes of
the SH waves relative to the P waves, the weights of the
SH seismograms were decreased in order to give P and SH
waves equal weight in the inversion. In addition, weights
were applied to compensate for uneven azimuthal coverage
of stations (Table 3). The station weights, w;, are propor-
tional to 1/4/n + 1, where n is the number of stations within

.=£15° of azimuth from the j'th station on the P and SH fo-

cal planes; respectively. This weighting scheme attempts to
obtain equitable weighting of the stations in a least squares
sense.

As a starting model for the inversion, we give the source
time function an overestimated duration with all triangu-
lar elements of equal amplitude. After several inversion ex-

- periments it was found that the source time function ele-

ments beyond 3 s had zero or near-zero amplitude. They
were therefore discarded in subsequent inversions. Between
the inversions we realign the synthetic and observed seis-
mograms in order to get the best correlation between them
and in turn to minimize R®. When the point source is posi-
tioned at the fault centroid the best overall correlation be-
tween the observed and synthetic seismograms is obtained

TABLE 3. Station Parameters Used in Body Wave Inversion

Station Azimuth, Distance, Weights Wave,
deg deg P/SH Used

MAJO 17.9 78.2 0.00 SH*
BJI 34.9 70.7 0.71/0.21 P/SH
TATO 34.6 86.2 0.71/0.00 P/SH*
KMI 54.1 80.6 0.00 SH*
CHTO 56.3 85.0 1.00/0.00 P/SH*
ANTO 102.6 38.7 0.71/0.11 P/SH*
IST 105.4 36.1 0.11 SH
HLW 111.7 46.7 0.58/0.11 P/SH
AAE -114:9 68.4 0.11 SH
AQU 122.6 28.8 0.58/0.11 P/SH
BCAO 137.1 656 0.71/0.15 P/SH
BDF 207.3 82.3 0.00 | SH*
ZOBO 226.0 88.2 0.71 P
BOG 239.1 70.8 0.71 P
WES 268.7 36.2 0.58 P
SHA 265.8 53.3 0.15 SH
OTT 266.1 35.7 0.58 " P
GAC 266.2 35.4 0.58/0.15 P/SH
ALQ 284.4 57.7 0.58 P
ANMO 284.4 57.7 0:15 SH
FFC 296.4 39.7 0.45 P
CMBD 297.4 60.8 0.45/0.11 P/SH
EDM 302.9 45.5 0.45 P
LOND 303.8 53.9 , 0.45/0.12 P/SH
PNT 304.0 50.9 w 0.12 SH
YKC 314.1 38.0 0.50 P
INK 328.0 39.9 0.50/0.21 P/SH
COLD 332.2 45.8 0.58 P
MBC 333.1 314 0.58 P

*The SH waveform was not used in the inversion, but the corresponding synthetic seismogram

was calculated.
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[Dziewonski et al., 1981; Ndbélek, 1984]. However, at the
best overall correlation between the observed and synthetic
seismograms, the first motion of the synthetic seismogram
does not necessarily align with the observed first motion.

From the inversion of P and SH waveforms of the Vat-
nafjoll earthquake we obtain for the best fitting double-
couple point source a nearly pure strike slip focal mechanism
6°£5°/93°+£5°/185° +5° (strike/dip/rake) (Figure 6), with
seismic moment 9.1 £ 1.7x10%* dyn cm and centroid depth
of 6.6 = 1.6 km (Table 4). The uncertainties are within
two standard deviations for the seismic moment and cen-
troid depth and within 10 standard deviations for the focal
mechanism parameters. The uncertainties in focal mecha-
nism parameters and seismic moment are obtained directly
from the inversion, but the uncertainty in centroid depth
is from a statistical ¢ test which is described below. Error
analyses have shown that 10 standard deviations are more
representative of uncertainty in the focal mechanism param-
eters [Ndbélek, 1984]. The centroid depth is given relative to
the top of the crust and we follow Aki and Richards [1980]
in describing the double couple orientation. The waveforms
generally fit very well. Some of the SH waveforms, labeled
by asterisks in Figure 6, were not used in the inversion be-
cause they were recorded by stations at distances greater
than 70° from the source. However the calculated synthetic
seismograms from the best double-couple point source fit
most of these stations very well and the first motion is the
same as the observed. At these distances, 70°-90°, the ScS
arrives 2040 s after the S and has the same polarity. There-
fore the agreement between the synthetic and observed first
motion of these stations is a significant observation. The
best fitting focal mechanism from the inversion agrees per-
fectly with P wave first motion of all available long-period
(vertical) seismograms (Figure 7).

STATISTICS AND ERROR ANALYSIS

The centroid depth is an important parameter for inter-
pretation of the rupture. It is therefore essential to know
the resolution of the estimated centroid depth determined
by the inversion. Depending on the data the estimated cen-
troid depth can be quite nonunique and have little statistical
significance [Huang, 1985; Huang et al., 1986].

We performed a statistical test to estimate the resolution
of centroid depth. This was done by testing the significance
of difference in waveform fit between the overall best solu-
tion against a range of solutions which were found by fixing
the centroid depth while inverting for the remaining source
parameters. In the search for the best solution at a fixed
depth, we followed the same procedures as before when de-
termining the overall best solution, by varying the source
time function length and realigning the synthetic and ob-
served seismograms to improve the fit.

The variance versus depth curve (Figure 8a) shows a clear
global minimum at the optimal centroid depth. The local
minimum at 9 km is probably caused by a layer boundary in
the source velocity model [Huang, 1985]). We followed Huang
et al. [1986] in estimating the uncertainty in the centroid
depth by using paired ¢ test of significance for the differences
between the residuals of each synthetic and observed seis-
mogram pair at the optimal centroid depth and at a range
of fixed depths. The mean squared residual for seismogram
7 is defined as
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1
Ehal7 z;wjz(fh'j — ) (2)
1=
and the set of seismogram residual differences (the statistical
samples) at depth k and the optimal depth o is defined as

3)

where N is the number of seismograms used in the inversion.
The ¢ test of significance assumes normally distributed sam-
ples. The x? test for goodness of fit showed that our sets
of d; are normally distributed and we denote the mean and
standard deviation of the set d; with pg and o4, respectively.
We tested the null hypothesis pg = 0 against the alternative
one-sided hypothesis g > 0. The test statistic is

paV'N (4)
od
which follows the ¢ distribution with N-1 degrees of freedom.

Figure 8b shows the ¢ statistic at the 0.05 significance
level as a horizontal straight line. This statistic is exceeded
at depths greater than 5.0 km and less than 8.0 km. Hence
we can say with 95% confidence that the best fitting centroid
depth lies between 5.0 and 8.0 km depth. On the basis of
this test we conclude that the estimated centroid depth of
6.6 km is well constrained. In fact, the centroid depth is
unusually well constrained for a waveform inversion of long
period data. We think the reason for this might be due
to relatively high-frequency content of the many Canadian
waveforms that were used in this study.

The other source parameters from the inversion can also
be regarded as well constrained. Although we did not test
statistically the significance of them, it is possible to draw
inferences on the stability of these parameters with depth,
using the results from the test of significance of the cen-
troid depth. That test showed that the focal mechanism
is very stable with depth. In the centroid depth range of
4.0-12.0 km the angular parameters are within £5° of the
best solution and within +1° in the 95% confidence range of
the centroid depth. The source time function has constant
duration within the 95% confidence range of the centroid
depth. It has, however, both emergent and impulsive shape
within this depth range. For this reason we do not believe
that the shape of the source time function has any signifi-
cance, based on the current long period data set.

d.’i'__rjz'k_rjz'o j=1727"'aN

t=

DISCUSSION

Two types of evidence show that the Vatnafjoll earth-
quake should be classified as a transform event rather than
a rift zone event. First of all, the focal mechanism is strike
slip on a northerly striking fault, which is the same type
of faulting as inferred from surface fractures in the South
Tceland Seismic Zone farther west [Einarsson and Eiriksson,
1982]. Fault plane solutions along divergent parts of the
Mid-Atlantic plate boundary usually show dip slip faulting
[Binarsson, 1986]. Second, the relatively large magnitude of
the event is not typical for rift zone events in Iceland.

The eastern part of the South Iceland Seismic Zone has
been rather quiet seismically in the last decades. It has
therefore been difficult to determine how far the zone ex-
tends toward the east. The best evidence so far has been
the area of destruction associated with the 1912 earthquake,
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TABLE 4. Source Parameters of Vatnafjéll Earthquake

1987 SOUTH ICELAND EARTHQUAKE

Parameter Value

Origin time® May 25, 1987, 1131:54.7 UT

Magnitude® 5.8 (mp), 5.8 (Ms), 5.9 (Mw)

Epicenter® . 63.91°N, 19.78°W

Hypocenter Depth? 11+ 3 km

Centroid Depth® 6.6+ 1.6 km ‘

Mechanism®¢ 6° £5°/93° £ 5°/185° £ 5°
(strike/dip/rake)

Moment 9.1+ 1.7x10%¢ dyn cm

Source Durationf, 3+1s

®Hypocenter parameters determined with local data, uncer-
tainty in hypocenter depth at two standard deviations (2.4 x
standard error) [Klein, 1978]. v
b Mg and mj magnitudes are from EDR.
¢Centroid depth relative to top of crust, uncertainty within the
95% confidence level is determined by statistical ¢ test.
dFocal mechanism specified with convention of Aki and Richards
[1980]. . :
eUncertainty at 10 standard deviations is determined directly
from inversion.
fUncertainty at 2 standard deviations is determined directly
from inversion.

but since the area east of it has been unpopulated; it is not
known if historical events occurred farther east. The 1987
event shows that the seismic zone extends at least to Vat-
nafjoll and perhaps as far as the Torfajékull central volcano
in the middle of the rift zone (Figure 1). The transform zone
is therefore some 30 km longer than has been known with
certainty before. )

The magnitude of the Vatnafjéll earthquake is 5.8, mea-
sured both from body waves (ms) and surface waves (Ms),
and it has a moment magnitude M, of 5.9.

We made estimates of the fault dimensions, average stress
drop and slip for the Vatnafjéll earthquake, based on the.in-
formation on the distribution of aftershocks and seismic mo-
ment. We assume a circular fault model with source radius,
r, of 5+ 2 km inferred from the distribution of aftershocks.
An average stress drop, Ao, of 32 & 39 bars was estimated
from the relation Ag = ;£ Mo/r® [Eshelby, 1957; Kanamori
and Anderson, 1975]. An average slip of 32 £ 27 cm was
estimated from the relation M, = pAuS [Aki, 1966], where
Aw is the average slip, S is the fault area and average rigid-
ity, ¢+ of the source region was calculated from the source
crustal structure to be 3.6x10'*dyn/cm?®. The uncertainties
can be regarded to be related to two standard deviations.
The large uncertainties in these calculations make it impos-
sible to assert anything about the stress drop of this earth-
quake. Other factors, however, indicate that the Vatnafjoll
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N

. S
Fig. 7. P wave first motions plotted on equal-area lower hemi-
sphere diagram. Solid circles represent compressions and open
circles dilatations. Nodal motions are marked with a cross. P
and T axes are shown.

earthquake had higher than average stress drop. Many of
the P wave waveforms have relatively high-frequency con-
tent, indicating high stress drop. The source time function
of this earthquake has about 1/3 shorter duration than the
global average of earthquakes of this size [Ekstrém and Eng-
dahl, 1989], also indicating higher than average stress drop.

The liypocentral and centroid depths of the earthquake
show that the rupture was initiated near the base of the
crisst and then propagated mainly upward. It did not reach
the surface, which is confirmed by the absence of surface
ruptures. The centroid depth is shallower than the geo-
metric center of the aftershock area. Assuming that the
aftershock area i§ within the source radius, it suggests that
slip decreased with depth. It could also mean that larger
proportion of the fault area is in the upper crust, than is
indicated by the aftershock area.

The Vatnafjoll earthquake has some important implica-
tions for previous estimates of the magnitudes of past earth-
quakes in the seismic zone, which are important for the as-
sessment of seismic risk in the populated parts of the zone.
The 1912 earthquake is the only large event so far with an in-
strumentally determined magnitude Ms = 7 [Kdrnik, 1969].
Magnitudes of other events have been estimated by com-
paring their destruction areas with that of the 1912 event
[Halldérsson et al., 1984]. Magnitudes between 6.7 and 7.1

Fig. 6.

Observed long-period (vertical) P and SH waves (solid lines) and synthetic waveforms (dashed lines)

as predicted by the best fitting double-couple point source obtained by the body wave inversion. Waveforms are
shown on lower focal hemisphere equal-area projection. P and T axes are shown, and SH positive motion is
as defined by Aki and Richards [1980]. Amplitudes were normalized to an instrument magnification of 1500 at
distance of 40°. The amplitude scales, shown at the bottom of the figures, correspond to waveform amplitudes in
centimeters that would be observed on an original seismogram for such an instrument. The scales to the left are
for Canadian and WWSSN seismograms and the scales to the right are for GDSN seismograms. SH waves labelled
with asterisks were not used in the inversion. The parts of the seismograms that were used in the inversion are
delimited with two vertical bars. The first bar represents the arrival of the synthetic first motion.
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have been obtained for the largest events since 1700. These
maximum magnitudes ‘aré comparable to thosé of earth-
quakes along other Atlantic transform faults. An interest-
ing problem arises, however, because of the peculiar circtim-
stances in the South Iceland Seismic Zoné. The faults. are
perpendicular to the zone, and the width of the seisrnic zoné
is only 10-15 km as determined from microearthquake dis-
tribution and mapped surface fractures. The length of each
fault therefore has an upper limit of about 15 km. Using
this maximum fault length and assuming that the whole
crust is ruptured down to 14 km one can attempt to esti-
mate the slip required to prodice an earthquake of magni-
tude 7. For this estimation we use two different methods.
The first method uses the Gutenberg-Richter empirical re-
lation between seismic energy and surface wave magnitude.
The second method uses the Hanks and Kanamori [1979)]
moment-magnitude relation.

The Gutenberg-Richter empirical energy relation is given
by

logEs = 1.5M, +11.8 (5)

where the seismic energy F; is measured in ergs. Combining
(5) with E, = "Mo , Ao = c,u—, and M, = pAulLw,
gives

1987 SOUTH ICELAND EARTHQUAKE

2E,
where Au is average slip, L, w are length and width of the
fault plane, and ¢ is a geometric constant which is approxi-

mately unity. Equivalent relation to (6) for a circular fault
model is :

Ay =

2E,

cumr

Au =

®

where 7 is the fault radius and the geometric constant is
¢ =12 . Applying (5) and (7) to the Vatnafjsll earthquaké
gives an average slip of 29 cm, which agrees very well with
the previous estimate of 32 cm. Similarly, for a magnitude
7.0 earthquake in the South Iceland Seismic Zone an average
slip of 2.7 m can be calculated by using equations (5) and (6)
with source parameters as described above. This is a large
slip for only 15-km-long faults, however it seems to be a Tea-
sonable estimate based on available field observations. The
only direct field measurement of fault slip is 0.7-0.8 m near
the southérn end of the 1896 sturface riupture in the Land
district [Binarsson and Eiriksson, 1982]. The measurement
is taken at a displaced wall built of turf and stones. As this
measurement is near the terminus of the fault we think it
is not inconsistent with our determined estimate of average
slip for a magnitude 7 earthquake in south Iceland.

The faults in the South Iceland Seismic Zone are gener-
ally characterized by en echelon tension gashes separated by
compressional pushups. Historic and field ev1dence mdlcate
that most of the surface fractures resulted from smgle stnke-
slip earthquakes [Einarsson and Firiksson, 1982]. Some of
the pushups seem to be created by a simple buckling of: the
surface lava flows. In these cases the slip of the underly-
ing fault can be estimated to be approx1mately equal to the
shortening of the surface lava flow. The pushups are up, to
3-4m hlgh and 12-15 m in dlameter The shor(;enmg can,
be calculated with Az —-1), Where dis the dlameter and
¢ is the slope of the pushup Thls gives an approx1mate esti-
mate of slip up to 2.5 m. Again, we think that this supports'
our notion of unusually large ratio of slip to fault length. for
large south Iceland earthquakes.

Scholz et al. [1986] determined a scaling law between fault
slip and fault length of large earthquakes and observed that
intraplate earthquakes have on average 6 times greater slip
than interplate earthquakes of same fault length. A 2.7-m
slip on a 15-km-long fault is, however, about 18 times the:
average proportional slip of interplate earthquakes or 3 times
the average proportional slip of intraplate earthquakes. The
stress drop corresponding to the 2.7 m slip is 70 bars. Thisg
is relatively high stress drop and is in the range of stress
drops of intraplate earthquakes [Kanamorz and Anderson,
1975).

The second method to estimate average slip and stress
drop assumes that the Hanks and Kanamori [1979] moment
magnitude relation M,, = 2 log My — 10.7 applies to earth-
quakes in south Iceland of magnltude 7. Combined with
M, = pAuLw and Ao = c,u , this method gives even
higher estimates, 5.3 m average shp and 135 bars stress drop.

On the basis of either of the two stress drop estimates
above, the faults of the South Iceland Seismic Zone can
be termed as strong faults. Stress drop is a parameter
that scales proportionally to maximum acceleration [Brune,
1970]. However, at this stage we can not predict the maxi-
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mum acceleration of a magnitude 7 earthquake in the South
Iceland Seismic Zone, because it depends on some other fac-
tors that are not the subject of this paper.

The South Iceland Seismic Zone is clearly a plate bound-
ary related region, but the estimated large slip and high
stress drop of earthquakes in this region are more in common
with intraplate earthquakes. The distinction between inter-
plate and intraplate earthquakes is based on the slip rate of
their faults and their recurrence time [Scholz et al, 1986;
Kanamori and Allen, 1986]. A recent study on structural
evolution of strike-slip faults found that the number of steps
in a fault trace per unit length decrease with increasing to-
tal slip of the faults [ Wesnousky, 1988]. Earthquake rupture
often terminates at steps in the fault trace, and hence they
are thought to be the strong parts of the fault. These obser-
vations tend to support the hypothesis of Scholz et el. [1986]
that the difference in total slip between intraplate faults and
interplate faults may play a role in the greater strength of
intraplate faults. The South Iceland Seismic Zone faults are
young and have therefore accumulated small total slip. We
do not at present have reliable information on the slip rate
and recurrence time of individual faults in the South Iceland
Seismic Zone. With that information in hand, these faults
could supply decisive data on wether recurrence time or to-
tal slip is the more important variable that governs strength
of faults.

CONCLUSIONS

1. The 1987 Vatnafjoll earthquake occurred in the East-
ern Volcanic Zone, but in a direct continuation of the South
Iceland Seismic Zone, where it extends into the volcanic
zone. ,

2. The earthquake was associated with right-lateral strike-
slip faulting on a nearly vertical fault with a northerly strike.
It therefore resembles earthquakes in the South Iceland Seis-
mic Zone to the west and is probably not related to mag-
matic activity in the Vatnafjsll volcanic system. The trans-
form zone is thus shown to extend farther into the rift zone
than was previously recognized, perhaps all the way to the
Torfajokull central volcano.

3. Based on the distribution of foreshocks and after-
shocks, it appears that the rupture was initiated near the
base of the crust and propagated bilaterally and upwards.
It did not reach the surface, however. This shows that larger
earthquakes can occur in this part of the seismic zone, well
within the Eastern Volcanic Zone.

TABLE 5. Source Parameters

Parameter Value

Seismic moment 9.1+1.7x10%¢ dyn cm

Mechanism (strike/slip/rake) 6°+5°/93°+£5°/185° £5°
Source duration 3x1s

Centroid depth 6.6 1.6 km
Hypocentral depth 11+ 3 km

Source radius 5+2km

Average stress drop 32 + 39 bars

Average displacement 32+27 cm

Uncertainties are at or within two standard deviations, except
for the focal mechanism parameters, where uncertainties are given
with the more appropriate 10 standard deviations.
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4. The values in Table 5 were obtained for the source
parameters.
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