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Smaller source earthquakes and improved measuring techniques
allow the largest earthquakes in Iceland to be stress forecast
(with hindsight)
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S U M M A R Y
A group of three earthquakes in 2000 June in SW Iceland included the two largest earth-
quakes in Iceland in the past 30 yr. Previously, temporal changes in shear-wave splitting had
not been recognized before these earthquakes as there were too few small earthquakes to pro-
vide adequate shear-wave data, and they were not stress forecast, even with hindsight. These
large earthquakes were subject to a special investigation by the European Community funded
PREPARED Project during which the seismic catalogue was extended to include smaller mag-
nitude earthquakes. This more detailed data set, together with a semi-automatic programme for
measuring the parameters of shear-wave splitting greatly increased the number of time-delay
measurements.

The new measurements displayed the typical temporal variations before larger earthquakes
as seen elsewhere: a long-term increase in time delays, interpreted as stress accumulation
before the earthquake; and a decrease, interpreted as crack coalescence, immediately prior to
the earthquake. The logarithms of the durations of both the implied accumulation of stress
and the crack coalescence have the same self-similar relationships to earthquake magnitude as
found elsewhere in Iceland. This means that, in principle, the time and magnitude of the larger
earthquakes could have been stress forecast in real time had the smaller source earthquakes of
the extended catalogue and the improved measuring procedures been available at the time.

Key words: extended seismic catalogue, forecasting earthquakes, improved measuring tech-
nique, polarizations, self-similarity, shear-wave splitting time delays.

1 I N T RO D U C T I O N

Theory and observations suggest that the accumulation of stress be-

fore earthquakes can be monitored by changes in the time delays

between split shear waves along a particular range of ray-path direc-

tions in the shear-wave window (Crampin & Zatsepin 1997; Volti &

Crampin 2003a,b; Gao & Crampin 2004). Self-similar relationships

between the earthquake magnitude and the implied stress accumu-

lations have now been identified, with hindsight, before some 15

earthquakes ranging from a M 1.7 swarm event in Iceland (Gao &

Crampin 2004, 2006) to the 1999 Ms 7.7 Chi-Chi earthquake in

Taiwan (Crampin & Gao 2005). On one occasion, the time, mag-
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nitude, and fault break of a M 5 earthquake in SW Iceland was

successfully forecast in real time (Crampin et al. 1999). (Magnitude

‘M’ in this paper refers to the Iceland seismic catalogue magnitude

equivalent to mb).

Note that in eight cases, where there was sufficient shear-wave-

source data, these earthquakes also showed precursory decreases

immediately before the earthquake. Again the magnitude and the

duration of the crack decreases were self-similar. Previously these

decreases were interpreted as some (unidentified) stress relaxation

(Gao & Crampin 2004), it is now suggested that crack coalescence

is the most likely cause of the stress relaxation (Gao & Crampin

2006).

However, a series of three large earthquakes (referred to as 3LEQ),

two of which were the largest earthquakes in the past 30 yr in Iceland,

were not stress forecast, even with hindsight, because there were

insufficient shear-wave source earthquakes to provide the necessary

shear-wave ray-path data (Volti & Crampin 2003b). 3LEQ consisted

C© 2006 The Authors 1293
Journal compilation C© 2006 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/166/3/1293/749062 by guest on 25 April 2024



1294 J. Wu et al.

of two Ms 6.6 earthquakes on 2000 June 17 and 21, and an Ms 5.7

event 2 min after the first Ms 6.6 earthquake.

Iceland has enhanced seismicity where transform faults of the

Mid-Atlantic Ridge run onshore in SW and North Central Iceland.

Seismic hazard is potentially severe and earthquake prediction stud-

ies in Iceland have been supported by the Nordic SIL Project (1988–

1995) (Stefánsson et al. 1973) and European Commission-funded

projects: PRENLAB (1996–1997 and 1998–1999), and SMSITES

(2000–2003). When 3LEQ, the largest earthquakes in the past

30 yr were not predicted, the EC-funded project PREPARED was

set up to investigate geophysical phenomena before, during and af-

ter 3LEQ. One of these investigations was to fine comb the data for

small magnitude earthquakes to yield many subzero events. This

present study of temporal changes before 3LEQ made use of this

new extended catalogue from the PREPARED Project.

2 P R E V I O U S FA I L U R E

T O S T R E S S F O R E C A S T

Fig. 1 shows variations in normalized shear-wave splitting time de-

lays before 3LEQ (reproduced from Volti & Crampin 2003b). The-

ory (Crampin & Zatsepin 1997) suggests that the effect of low-level

increases of stress, as in the accumulation of shear-wave propaga-

tion is to increase the average normalized time delay between the

split shear stress before earthquakes, is to increase crack aspect ra-

tios, and the effect of increasing aspect ratios on waves in Band-1 of

the shear-wave window. This phenomenon was suggested intuitively

by Peacock et al. (1988) and confirmed theoretically by Crampin &

Zatsepin (1997). Band-1 is the double-leafed solid angle of ray paths

between 15◦ and 45◦ either side of the average crack plane (Crampin

1999). Time delays in Band-2, ray paths within the solid angle 15◦

either side of the average crack plane, are sensitive principally to

crack density, and crack density does not appear to change signifi-

cantly for low-level increases of stress (Crampin 1999). Increases of

time delays in Band-1 are the phenomena seen with hindsight before

Figure 1. Variations of time delays between split shear waves for earthquakes in the period 1999 November to 2000 June at Station SAU. Earthquakes are

below 5 km depth and have location errors less than 3 km. Middle and upper diagrams show the variation of time delays, normalized to ms km−1, for ray paths

in Band-1 and Band-2, respectively, of the shear-wave window. Error bars are time delays divided by the ray paths from the extremes of the hypocentral error

ellipsoid. The irregular lines are nine-point moving averages drawn to show overall variations. The straight lines in Band-1 are least-squares lines fitted from

just before a minimum of the nine-point moving average and ending at a larger earthquake. The arrows below the middle diagram indicate the times of the

cluster of large events. The bottom diagram shows times and magnitudes of all earthquakes greater than M 2 within 20 km of SAU. (After Volti & Crampin

2003b).

some 15 earthquakes worldwide (Crampin 1999; Volti & Crampin

2003b; Gao & Crampin 2004, 2006) and in one successful real-time

stress forecast (Crampin et al. 1999).

When the behaviour of the normalized time delays before 3LEQ in

Band-1 was first studied (Volti & Crampin 2003b), the time variation

in Band-1 in Fig. 1 was dominated by a ∼6-weeks’ absence of data

from the end of 1999 December to the middle of 2000 February,

and by the swarms at the ends of 2000 February and March. A

least-squares line from the February swarm to just before 3LEQ

does display an increase due to the accumulation of stress before

the 3LEQ. However, the slope depends critically on earthquakes

immediately before 3LEQ, and the duration was too short for the

impending earthquake magnitude. Consequently, the increase was

not identified at the time, and 3LEQ was not stress forecast. However,

had we had the confidence to span the ∼6-weeks’ absence of data

and fitted the least-squares line from the end of 1999 December,

the increase is the appropriate duration for the magnitude of the

3LEQ, and the time and magnitude of the 3LEQ might well have

been successfully stress forecast. We were certainly searching for

such phenomena at that time.

At least part of the reason for the ∼6-weeks’ absence of data is the

seismic quiescence before 3LEQ. Fig. 2 shows monthly histograms

of the number of earthquakes M ≥ 0.0 in the extended SIL seismic

catalogue from 1996 to 2005. The 6 months immediately before

the Ms 6.6 3LEQ earthquakes is the smallest 6 months’ total in the

whole 9 yr, and the month (May) immediately before 3LEQ is the

lowest monthly total in the whole 9 yr. Had the extended catalogue

been available at the time, this quiescence could have predicted an

imminent large earthquake (but without any indication of magnitude

or location).

Note that the large scatter of time delays in these swarms in Fig. 1

can be modelled as the result of 90◦-flips in shear-wave polarizations

caused by the modifications in microcrack geometry by critically

high pore-fluid pressures on all seismically active faults (Crampin

et al. 2004a). However, although we believe we understand what
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Figure 2. Monthly histogram of numbers of earthquakes from 1996 January

to 2005 May in the Iceland ‘PREPARED’ seismic catalogue (within 100 km

of the coast line) for earthquakes M ≥ 0.0.

causes the scatter, critically high pore-fluid pressures, and can model

the behaviour, the scatter cannot be eliminated.

Note also that, except for time delays before the 1986 North Palm

Springs Earthquake (where there was statistically meaningful data,

Peacock et al., 1988), data points before the 15 earthquakes, where

typical temporal variations have been recognized with hindsight, are

too sparse and too scattered for meaningful statistical analyses. The

analysis procedures are justified by the repetition of similar increases

and decreases in time-delay variations observed worldwide (with

no contrary results), and by the self-similarity of the magnitude-

duration plots in Fig. 4, below.

3 A DVA N C E S I N DATA A N D A N A LY S I S

There have been three advances in data and data analysis since Fig. 1

was drawn.

(1) The Iceland seismic catalogue was extended (courtesy of the

PREPARED project) to lower magnitude events down to M 0.0

and below. This greatly increased the number of time-delay data

available for 2000.

Note that one of the distinguishing features of seismic record-

ing in Iceland is that the seismic SIL network was designed

to record and locate all possible earthquakes above the noise

level (Stefánsson et al. 1973). Since small magnitude earth-

quakes typically provide high-quality shear-wave arrivals, with

little disturbance from P-wave-generated noise, the Iceland seis-

mic network provides excellent records for shear-wave splitting

analysis.

(2) We used a new shear-wave analysis system (SWAS) devel-

oped for semi-automatic measuring of time delays and polarizations

(Gao et al. 2006). SWAS uses an Expert System to determine pre-

liminary values of time delays and polarizations. Typically, these

automatic picks are within a few sample points of the best visual es-

timates. The advantage of SWAS is that it has a user-friendly format

for rapidly adjusting and updating time delays and polarizations by

comparing three screen images. These images are:

(i) Seismograms of EW, NS, vertical and horizontal-radial and

horizontal-transverse orientations.

(ii) Seismograms of EW, NS, vertical and horizontal-fast and

horizontal-slow orientations rotated parallel and perpendicular to

the selected polarization, where picked sample points can be

‘stepped’ along the record by ‘click buttons’ until effects are op-

timized.

(iii) Polarization diagrams (hodograms) of horizontal particle

motion, where again picked points can be adjusted by click but-

tons.

The ease of evaluating, updating, and adjusting screen images,

where all adjustments are correlated across all images, and plotting

diagrams, makes optimization of shear-wave splitting measurements

rapid and comparatively effortless.

(3) The third advance lessens the impact of data clustering in

the plots of time-delay variations. Earthquakes frequently cluster

in time and space and, if such swarms occur within the shear-wave

window, as at the ends of February and March 2000, in Fig. 1,

the swarm activity tends to dominate the fitting of least squares

to the data. We now lessen the impact of clustering by plotting

only the daily average of (normalized) time delays.

4 C U R R E N T S T R E S S F O R E C A S T

( W I T H H I N D S I G H T )

Fig. 3 shows temporal variations in shear-wave splitting at Stations

(a) SAU and (b) BJA using the PREPARED seismic catalogue in-

creasing data availability, and using the semi-automated SWAS mea-

surement technique to optimize time-delay picks, and plotting daily

averages to lessen the impact of earthquake clustering. These tech-

niques and the improved catalogue have eliminated (Fig. 3a) the

∼6-weeks’ gap in data in Band-1 of SAU in Fig. 1. There is a com-

paratively well-defined increase in time delays starting at the end

of 1999 December, 167 days before 3LEQ, which continues until a

decrease starts about 30 days before 3LEQ.

Previously there were insufficient data to show temporal varia-

tions at Station BJA. The Band-1 data in Fig. 3(b) for BJA using the

PREPARED seismic catalogue show a large scatter, and the start of

the Band-1 increase is not well defined, but a least squares starting

from the middle of 2000 January, 147 days before 3LEQ, continues

until a well-defined decrease begins 17 days before 3LEQ.

Evidence suggests that the build-up takes place over a very large

volume and it would be expected that the effects would be similar at

SAU and BJA. The different measurements at BJA and SAU can be

attributed to measurement and interpretation differences as a result

of the sparseness and scatter in time delays (there is a 4-week gap

in data at the start of the increase at BJA). However, since it is the

logarithm of the duration, which is analysed in Fig. 4, below, the

effects of the different measurements are minimized.

Fig. 4(a) plots the variation of the logarithm of the duration of the

increase in Band-1 time delays (interpreted as stress accumulation)

against the magnitude of the impending earthquake for earthquakes

listed in Table 1(a) of Gao & Crampin (2006). Four earthquakes with

questionable durations where the start of the increases are poorly

constrained are omitted. The slope of the least-squares line is rel-

atively well constrained at M = 2.18 (±0.32) log10(days) + 0.33

(±0.70) but, due to inclusion of the North Palm Springs and Chi-Chi

Taiwan earthquakes which are more than a magnitude away from

the line, the errors on the constant term are comparatively large (see

Discussion). The values for 3LEQ at SAU and BJA are compara-

tively close (within half a magnitude) from the least-squares line.

Fig. 4(b) plots the variation of the logarithm of the duration of the

decrease in time delays (interpreted as crack coalescence) against

the magnitude of the impending earthquake for earthquakes listed

in Table 1(b) of Gao & Crampin (2006). The least-squares line is

well constrained at M = 1.19 (±0.15) log10(days) + 4.02 (±0.22),

and the values for the 3LEQ at SAU and BJA are very close to the

line.
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Figure 3. Variations of time delays at (a) Station SAU and (b) Station BJA

for earthquakes in the extended seismic catalogue. Notation as in Fig. 1,

except that only daily averages of normalized time delays are plotted, and

the bottom diagrams show times and magnitudes of all earthquakes greater

that M 0.0 within 20 km of (a) SAU and (b) BJA.

The closeness of 3LEQ to the least-squares lines in Figs 4(a)

and (b) imply that the time and magnitude of 3LEQ could have

been successfully stress forecast in real time if the catalogue of

earthquakes including earthquakes down to M 0.0 and the improved

measuring techniques had been available.

5 T E M P O R A L C H A N G E S O R S PAT I A L

C H A N G E S I N S O U RC E E A RT H Q UA K E S

The time delays between split shear waves above small earthquakes

are the sum of the delays along each particular ray path and carry no

information about whether the anisotropy is uniformly distributed

along the whole path length or due to a smaller section of stronger

anisotropy. Stress-aligned seismic anisotropy has been observed at

Figure 4. (a) Duration-magnitude relationship for the increases in time de-

lays (interpreted as stress accumulation) for the earthquakes in Table 1(a) of

Gao & Crampin (2006), omitting four earthquakes with questionable du-

rations. (b) Duration-magnitude relationship for the decrease in time delays

(interpreted as crack coalescence) for earthquakes listed in Table 1(b) of Gao

& Crampin (2006). Note that the 3LEQ magnitude is plotted at the Iceland

Catalogue value, M 5.8, for consistency with the other Iceland magnitudes.

The earthquake labelled NPS and CCT refer to the 1988 Ms 6 North Palm

Springs earthquake, California, and the 1999 Ms 7.7 Chi-Chi earthquake,

Taiwan, respectively.

all depths in the crust (Crampin et al. 1986; Graham & Crampin

1993), which suggests that comparatively uniform anisotropy is

distributed throughout most rocks in the crust (Crampin 1993).

Consequently, the time delays that show temporal variations be-

fore earthquakes (Crampin 1999; Gao et al. 1998; Volti & Crampin

2003b; Gao & Crampin 2004, and others) have been normalized to

hypocentral distance in ms km−1. These variations provide relatively

consistent patterns of behaviour showing increase in Band-1 time

delays for some time before the earthquake with shorter-term (pre-

cursory) decreases immediately before the earthquake. In both cases,

the logarithms of the durations of both the increases and decreases

are proportional to the magnitude of the impending earthquake (we

refer to this as self-similarity). If the assumption that anisotropy is

approximately uniformly distributed were not substantially correct,
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these comparatively regular patterns of behaviour would be very

unlikely.

Note that the only papers, which have directly questioned these

temporal changes, Aster et al. (1990) and Seher & Main (2004),

have been answered: Crampin et al. (1991) showed that the auto-

matic measurements of Aster et al. (1990) were suspect and could

be substantially in error by up to 300 per cent; and Crampin et al.
(2004b) showed that the statistical analysis of Seher & Main (2004)

analysing the time delays as a continuous time-series was inap-

propriate for analysis of discrete individual increases before each

impending earthquake.

6 D I S C U S S I O N

Time delays in earthquakes from the extended seismic catalogue of

the PREPARED Project, listing earthquakes down to M 0.0, have

shown consistent temporal variations before the 3LEQ earthquakes

at Stations SAU and BJA, similar to those observed elsewhere. This

means that the time and magnitude of 3LEQ could have been suc-

cessfully stress forecast, and knowledge of the approach of a large

earthquake might have the allowed the approximate location to be

identified from other precursory phenomena, as it did before the

successfully stress-forecast M 5 earthquake, where the impend-

ing fault-break was correctly identified by local seismic activity

(Crampin et al. 1999). The increase at SAU in Fig. 3(a) would cer-

tainly have been recognized in 2000 May, at least 1 month before

3LEQ, and probably recognized at BJA. Note that we cannot dis-

tinguish between the effects of multiple and single earthquakes and

we have treated the multiple 3LEQ as a single event of magnitude

Ms 6.6.

It is thought that the slope of the duration-magnitude plots for

stress accumulation depends on the rate of strain accumulation in

the particular region. Thus the values from Iceland, square symbols

in Fig. 4(a), reflect the strain associated with movement of the trans-

form faults of the Mid-Atlantic Ridge. The two most anomalous

points in Fig. 4(a), both Ms values, cannot be made compatible with

the other data. They are the 1999 Ms 7.7 Chi-Chi earthquake in Tai-

wan associated with the subduction of the Philippine Plate and the

1986 Ms 6 North Palm Springs earthquake associated with right-

lateral movement of the San Andreas Fault in California. It would

not be expected that the rates of strain would be the same in these

three very different tectonic environments.

In contrast, the duration-magnitude plots of crack coalescence in

Fig. 4(b) are remarkably self-similar despite the different magni-

tudes scales. The anisotropic poro-elasticity (APE) model of rock

mass evolution (Crampin & Zatsepin 1997; Crampin 1999) suggests

that with increasing stress microcracks coalesce as the impending

fault plane is beginning to be identified. This is thought to be the

natural response of distributions of fluid-saturated stress-aligned

microcracks as they approach fracture-criticality that APE suggests

may be largely independent of the local rock type and tectonics.

Such universality is expected in the assumptions of APE where the

crust is pervaded by critical-systems of fluid-saturated stress-aligned

microcracks (Crampin & Chastin 2003).

The increase of time delays in Fig. 2(a) is thought to be imag-

ing the effect of increasing stress on the rock mass at considerable

distance from the earthquake source zone, and is not precursory. In

contrast, the decrease, imaging crack coalescence identifying the

fault plane, appears to be a direct precursor to an earthquake (or

an eruption—a similar decrease in time delays is observed before a

volcanic eruption on Mount Etna, Bianco et al. 2006). That the pre-

cursory decrease is associated with the source zone is also suggested

by Gao & Crampin (2006), who showed that a M 4.9 earthquake on

the Grı́msey Lineament caused a decrease at the nearest station at

50 km distance but not on a more distant station at 92 km.

A C K N O W L E D G M E N T S
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