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The Krafla rifting episode in 1975–1984, consisted of around 20 inflation-3

deflation events within the Krafla caldera, where magma accumulated dur-4

ing inflation periods and was intruded into the transecting fissure swarm5

during brief periods of deflation. We re-analyse geodetic and seismic data6

from the rifting episode and perform a time-dependent inversion of a lev-7

eling time-series for a spherical point source in an elastic half-space. Using8

the volume change as a proxy for stress shows that during inflation peri-9

ods the seismicity rate remains low until the maximum inflation of previ-10

ous cycles is exceeded thus exhibiting the Kaiser effect. Our observations11

demonstrate that this phenomenon, commonly observed in small-scale ex-12

periments, is also produced in kilometer-scale volcanic deformation. This13

behavior sheds new light on the relationship between deformation and seis-14

micity of a deforming volcano. As a consequence of the Kaiser effect, a15

volcano may inflate rapidly without significant changes in seismicity rate.16
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1. Introduction

A common practice in geoscience is to apply observed small-scale processes or measured17

parameters in the laboratory to large-scale processes. The assumption that small-scale18

experiments apply to kilometer-scale processes of the earth is, however, difficult to verify.19

In some cases discrepancies have been demonstrated, for example, by showing the kilo-20

meter scale tensile strength of granite was up to an order of magnitude smaller than the21

typical laboratory values [Jónsson, 2012].22

Loading of many rock types, and other materials, produces acoustic emissions (AE) that23

are easily measurable in a laboratory. AE are often used as a proxy for the nucleation and24

growth of microcracks in deforming rocks. Under cyclic loading and unloading, however,25

some materials produce little or no AE until the stress of the previous cycle is exceeded.26

This is referred to as the Kaiser "stress memory" effect [Kaiser , 1953]. At that point27

the material produces a dramatic increase in AE [Lockner , 1993]. The best understood28

and established manifestation of the Kaiser effect occurs under uni-axial compression29

where the Kaiser effect can be used to measure the previous maximum loading of the30

material. The Kaiser effect can thus be used as a measure of compressive stress. However,31

various complications in rock mechanics need to be considered, for example, healing of32

microfactures with time, which can cause the increase in AE at lower stresses [Lavrov ,33

2003]. The Kaiser effect has been shown to occur in many rock types and has been34

suggested as a way to measure in-situ stresses, thus with possible application to many35

geological processes [Li and Nordlund , 1993]. Furthermore, the Kaiser effect has been36
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verified experimentally on samples of volcanic rocks from Mt. Etna volcano and the37

results interpreted with respect to seismicity and deformation of Etna [Heap et al., 2009].38

Even though the Kaiser effect is relatively well documented for volcanic rock samples39

in laboratory settings, it has not been shown to be present in a volcanic setting on a40

kilometer scale. A few studies exist that associate the Kaiser effect with patterns in41

seismicity caused by induced pore-pressure changes from water table variations of lakes42

and reservoirs [Simpson and Negmatullaev , 1981] or fluid–injection [Baisch et al., 2009].43

As pointed out in a 2003 review on the Kaiser effect by Lavrov [2003], the manifestation44

of stress memory on a large scale is unclear and requires more research.45

In a volcanic setting perhaps the most obvious case of cyclic stressing is during inflation46

and deflation of a magma chamber. Cyclic inflation and deflation was observed during47

the rifting episode of 1975–1989 at Krafla in Iceland (Figure 1) during which magma48

accumulated continuously within a shallow-level magma chamber and was injected into49

the adjacent rift shortly after the chamber pressure exceeded a threshold value, altogether50

20 times [Björnsson et al., 1977, 1979; Buck et al., 2006]. Cyclic inflation and deflation51

has also been observed at other volcanoes, including Piton de La Fournaise [Peltier et al.,52

2008], Etna [Bruno et al., 2012] and Soufriere Hills [Voight et al., 1998]. If we assume that53

the magma chamber inflation can be approximated by spherical point source in an elastic54

half-space then the stress tensor in the surrounding crust can be calculated using solutions55

provided by Okada [1992]. By calculating the stress tensor at multiple points in a dense56

grid surround a inflation source we found that although the crust undergoes net dilatation57

the change in the most compressive principal stress σ1 is nevertheless compressive or very58
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close to zero. Cyclic compression along σ1-axis can therefore be expected in the vicinity59

of the magma chamber and theoretically such system could manifest the Kaiser effect.60

However, this theory requires observational confirmation which we present in this study.61

Confirmation of the occurrence of the Kaiser effect in active volcanoes sheds light on scale62

dependence of stress memory in volcanic rocks and the relationship between seismicity63

and deformation during volcanic unrest.64

2. Data and Methods

During the Krafla rifting episode, regular leveling surveys were carried out in the area of65

greatest deformation. A spatial and temporal interpolation was carried out by [Björnsson66

and Eysteinsson, 1998] on 87 stations (Figure 1c). The mean number of observations for67

the stations was 25 for the period from 1975 to 1995. Measurements were most frequent in68

the period of most rapid changes in deformation. The temporal interpolation was based69

on daily tilt measurements at one site and performed on the observed elevations and the70

elevation values estimated with the spatial interpolation of the 87 stations. This provided71

a 2600 step time-series for each station. We took those stations and performed a time-72

dependent inversion at each time-step. Figure 2 shows an example of a time-series from73

the benchmark FM5596, where maximum vertical movements were observed. A simple74

Mogi source [Mogi , 1958] fits the leveling data reasonably well, providing a time history75

of the volume change, which we regard as a measure of state of stress in the crust.76

The earthquake count is not as complete as the leveling data because while most dikes77

travelled north from the center of inflation within the Krafla caldera some propagated78

to the south. During the rifting episode there were two periods where dikes propagated79
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to the south, first in April and September 1977 and second in February and March 198080

[Einarsson, 1991; Björnsson and Eysteinsson, 1998]. Because the dikes had long-lived81

aftershock activity, it wasn’t always possible to distinguish earthquakes due to caldera82

inflation from events originating in the dikes. This wasn’t a problem in periods where all83

dikes propagated to the north since the seismic station used for the counting was located84

south of the caldera and thus not sensitive to the decaying seismicity of the northern85

dikes. As a result, the seismicity count data is missing from the two periods where dikes86

propagated to the south. Located events are much fewer than counted earthquakes, they87

however reflect the geometric distribution of the seismic activity during inflation periods88

(Figure 1b). All events with an amplitude of more than 5 mm on the trace at the Reynihlíð89

seismic station (black triangle on Figure 1c) were counted, most of which much too small90

to be located or detected on other seismic stations. The inflation seismicity rate was91

published in part by Björnsson et al. [1977].92

For the inversion of the leveling data, each time-series was referenced to the date el-93

evation of the point with the minimum value at benchmark FM5596 (Figure 2). That94

day was assumed to have no vertical displacement and thus the volume change of the95

Mogi source was assumed to be zero. At each time step a simulated annealing algorithm96

[Cervelli et al., 2001] is used to minimize a misfit function:97

χ2 =
87∑
i=1

=
(upre

i − uobs
i )2

σ2
i

(1)98

where upre
i and uobs

i are the model predicted and observed vertical displacements at the99

i-th benchmark, σi is the error of uobs
i . Björnsson et al. [1985] estimate there to be two100

main sources of error. The first error source was a systematic error of 0.05 mm per101
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meter of elevation difference between the i-th benchmark and the reference benchmark102

Kóngspunktur, located near the Reynihlíð seismic station (Figure 1c). The second main103

error source was an internal measurement error which was estimated to be 5.5 mm be-104

tween Kóngspunktur and FM5596, and assumed constant on all benchmarks. The error is105

propagated to the model parameters by a bootstrap method [Efron and Tibshirani , 1986]106

where we randomly sample the data vector within the ranges of the aforementioned esti-107

mated error. Then the inversion is repeated. The easting and northing location and the108

depth of the source at each time step all prove to be stable both with 2σ error usually less109

than 40 m in easting, northing and depth location. The simulated annealing method was110

followed by a derivative-based minimization method to ensure a minimum was reached.111

The optimization scheme applied here consistently converged to the same minimum.112

3. Results

The mean location of the source throughout the time period was at 65.7099◦N, -113

16.7575◦E and mean depth of the source was 4.3 km. By calculating the standard devi-114

ation of all 2600 time steps, the best-fitting model gave 2σ value: 1 km in easting and115

depth locations and 1.2 km in northing location. This shows that the source center was116

usually located within a sphere of 1 km radius and thus relatively steady with time from117

1975 to 1995. For the first four cycles of inflation and deflation, the simple Mogi model118

provides a good fit to the data (Figure 3). Following the southward migrating dike of119

late April 1977, which erupted inside the caldera, a significant signal from the eruptive120

fissure formation contaminated the leveling time-series. However, the deformation due to121

the magma chamber was so large that the inversion nevertheless returns a rather stable122
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source throughout the time-series. The inversion results indicated that the source center123

started at around 3–4 km depth but then migrated deeper and by 1978 became stable124

at around 4.5 km ( Figure S1 in Supplementary Information). Single sphere modelling125

of individual inflation periods by Ewart et al. [1991], using distance, tilt and levelling126

measurements, suggested the source depth to be generally in the range 3–4 km and the127

inflation periods in 1981 and 1983 came out with significantly greater depth at around128

4.5–5.0 km. This is in reasonable agreement with our results. However, our model is only129

constrained by vertical displacement and may thus give rather poor constrains on depth.130

There was also slight systematic shift in the location of the source with time in longitude131

(Figure S2 in Supplementary Information).132

A comparison of the volume change with the rate of caldera earthquakes reveals the133

occurrence of a large-scale Kaiser effect (Figure 4). The rate of seismicity correlates well134

with the inflation during the first inflation period. In subsequent cycles the seismicity135

is very low until the maximum inflation level of the previous cycle is exceeded and an136

abrupt increase in seismicity is observed, reaching similar rate as before the deflation.137

The first three cycles of inflation/deflation (Figure 4a) clearly demonstrate the Kaiser138

effect. The seismicity rate remains at rather low levels for two inflation/deflation cycles139

(Figure 4b), in agreement with the previous cycle having reached higher level of inflation140

than the subsequent two cycles. At least six dikes had been produced prior to January 1978141

(Figure 4b) some of which erupted inside the caldera [Einarsson, 1991]. This undoubtedly142

altered the stress field inside the caldera, due to the high sensitivity of the Kaiser effect143

to rotation of the principal axes [Lavrov , 2003], we might thus expect the Kaiser effect144
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to have been moved toward lower stress, thus occurring at less volume, or maybe even145

higher stresses. However the Kaiser effect still occurs in good agreement with the inflation146

of previous periods (Figure 4b). Note that the scale on the seismicity rate is different147

between Figures 4a and 4b suggesting that the mean seismicity rate is decaying with148

greater inflation. The 1981-1985 period (Figure 4c) is characterized by inflation with less149

volumetric inflow than before and thus lower stressing rate. At this point the Kaiser150

effect does not appear to be present. There are some bursts of increased seismicity rate151

which do not seem to show an agreement with inflation exceeding the previous stages,152

although some spikes correlate with periods of higher inflow and thus increased stressing153

rate. However, in the period preceding 1981 at least 14 dikes were produced, 7 of which154

lead to eruptions [Buck et al., 2006]. We thus expect the stress field would have been155

altered greatly and the manifestation of the Kaiser effect as well.156

4. Discussion

Based on the leveling time-series (Figure 2), the Krafla volcano appears to have been in157

an inflated state before the first diking event. Few geophysical observations exist prior to158

the first diking event and the leveling data has in fact only one observation pre-dating the159

initial diking event. It is, therefore, difficult to conclude how rapidly or even if the volcano160

inflated significantly prior to the initial diking. However, increased seismic activity was161

observed within the caldera during 1975, prior to the initial deflation and diking event in162

December 1975. It is noteworthy that, the first dike caused deflation of the caldera with a163

maximum subsidence in the caldera of about 2 m. This is around twice the deflation caused164

by the second greatest deflation event of the rifting episode. The caldera inflation ceased165
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in 1989 with the volcano in an inflated state. A slow subsidence has been recorded since,166

most likely caused by plate spreading and cooling of the crust in response to geothermal167

exploitation by the Krafla power plant, located within the caldera [Sturkell et al., 2008;168

Ali et al., 2014].169

The level of inflation within the caldera prior to the first diking event was higher than170

during the following 6 inflation/deflation cycles (Figure 2). It is therefore logical to ask171

why the threshold stress for the Kaiser effect is not at the inflation state before the first172

dike. One might expect that no significant seismicity rate should be present until after173

the inflation exceeds the pre-diking state. As was noted before, the volcano exhibited174

unusually large deflation signal during the first dike, suggesting very high pressure in175

the magma chamber. This indicates that the state of stress in the crust surrounding176

the magma chamber might have been close to the material strength. If the preloading177

compression of a brittle rock reaches higher than about 80% of the ultimate strength, the178

Kaiser effect will typically move toward lower stress in the next stressing cycles [Lavrov ,179

2003]. It may also be significant that the initial deflation of the caldera lasting from180

December 1975 to March 1976 was accompanied by considerable seismic activity. At181

least three earthquakes of magnitude 5 occurred within the caldera during its subsidence182

[Einarsson, 1986]. This seismic activity is likely to have significantly altered the stress183

field around the magma chamber thus changing the manifestation of the Kaiser effect.184

Another explanation could simply be the time scale of the preloading. At the end of the185

Krafla rifting episode the inflation ceased in an inflated state. Presumably that might186

have also been the case for the last rifting episode in the Krafla system, the Mývatn Fires187
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in 1724–1729 [Sigmundsson, 2006]. The Kaiser effect is sensitive to the duration of the188

preloading and the Kaiser effect decays faster if the preloading is close to the ultimate189

strength [Lavrov , 2003]. Assuming that the preloading lasted since the Mývatn Fires, it190

may have been long preloading duration, high preloading stress and stress field changes191

due to large earthquakes that all resulted in the Kaiser effect not being present during192

the first reloading cycle.193

As noted before, the manifestation of the Kaiser effect was disturbed during the 1981-194

1985 period (Figure 4c), most likely caused by changes in the stress field. Loading rate195

may, however, also be a factor that influences the Kaiser effect. By rapidly reloading a196

rock the Kaiser effect may occur at lower stresses [Lavrov , 2003]. While this can be easily197

measured in the laboratory it is uncertain how rapid loading is required on kilometer-scale198

to produce the same effect. In our data, there is little evidence that rapid loading rate199

altered the manifestation of the Kaiser effect at Krafla. Near the end of the rifting episode,200

when the Kaiser effect had been disturbed, the volume change rate was lower than during201

earlier parts of the rifting episode.202

The occurrence of the Kaiser effect during cyclic inflation/deflation of a volcano has im-203

portant consequences for volcano monitoring and eruption forecasting. Imagine a scenario204

where a volcano, not monitored by geodetic measurement, shows signs of unrest through205

increased seismic activity and eventually erupts. A period of low seismicity following an206

eruption could follow, despite rapid inflation, if the volcano exhibits the Kaiser effect.207

Lack of seismicity, in absence of geodetic measurements, can therefore be misinterpreted208

as reflecting stable and safe conditions, with serious implications for risk evaluation. If209
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that volcano fulfills the requirements for its eruptions to be inflation predictable [Segall ,210

2013] then, as a consequence of the Kaiser effect, seismic activity might not become un-211

usual until a dike starts propagating away from a magma chamber. It is, therefore, clear212

that monitoring a volcano only with seismic observations is insufficient and complimen-213

tary geodetic observations are needed to properly understand hazards and risks in volcanic214

areas.215

5. Conclusions

Although the Kaiser effect remains rather poorly understood in large-scale natural pro-216

cesses and under triaxial stressing [Lavrov , 2003], our results show its manifestation during217

cyclic stress loading and unloading of the crust in relation to magma flow in and out of218

a magma chamber. Even after at least 10 diking events and consequent perturbations to219

the stress field, the Kaiser effect could still be identified and occurred when the inflation of220

the previous cycle had been exceeded. Following the fourteenth dike on 18 November 1981221

the seismicity stopped behaving in accordance with the Kaiser effect. Our results stress222

the importance of combining geodetic data with seismic data when monitoring volcanoes.223

A volcano in a cyclic inflation/deflation mode may not show abnormal seismicity until it224

is very close to an eruption. The Kaiser effect should thus be considered in interpretation225

of data for eruption forecasting and hazard assessment.226
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Figure 1. Krafla: Overview of area and data. a-c | (a) Volcanic systems of the

Northern Volcanic Zone, Þeistareykir (Th), Krafla (Kr), Fremrinámar (Fr) and Askja (As)

[Einarsson and Sæmundsson, 1987]. Approximate outlines of volcanic systems are denoted

by dashed lines, caldera faults by solid lines and fissure swarms are shaded yellow. (b)

Located events associated with caldera inflation 1975–1989. (c) Leveling benchmarks (red

stars) and location of the seismic station used for earthquake counting (black triangle).
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Figure 2. Example of leveling data time-series | The elevation changes of

benchmark FM5596 were among the greatest for any of the benchmarks used in this study.

Interpolation between surveys is based on daily and semi-continuous tilt measurements

at one site.
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Figure 3. Example inversion results a-c | Cumulative vertical displacements on

26 April 1977 (decimal year 1977.3177) a day before the first southward traveling dike.

(a) observed vertical displacement uobs, (b) model predicted vertical displacements and

(c) the residual: upre − uobs. The agreement is good between the observed and model

predicted vertical displacement.
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Figure 4. Comparison of seismicity rate and point source volume change

a–c| The three panels show the three periods for which caldera inflation seismicity rate

data is available. The seismicity rate is a 5-day running mean. Horizontal black lines

show maximum inflation of a previous cycle. Vertical black lines are projections of the

point where the previous maximum inflation is exceeded onto the time scale. The solid

blue volume change line represents the best-fitting model. Dotted lines above and below

the volume change line indicate the 95% confidence interval for the volume change.
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