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Summary 

Analysis of the tidal stress tensor at the time of moderate to large earth- 
quakes strongly suggests that shallow (< 30 km) larger magnitude oblique- 
slip and dip-slip earthquakes are triggered by tidal stresses. No corre- 
sponding triggering effect is seen for shallow strike-slip earthquakes or for 
any type of intermediate or deep focus earthquakes which have been 
studied. Tidal triggering is also discussed from the viewpoint of the 
' dilatancy-diffusion ' model. Specifically, the model as usually stated, 
excludes the possibility of small earthquakes being tidally triggered. 

Introduction 

The study of tides provides a unique opportunity to view the response of the Earth 
to known changes in stress (known in the sense of an assumed model). The response 
of the Earth to these known stresses must limit our ideas of how the Earth responds 
to the much larger and generally unknown tectonic stresses which are ultimately 
responsible for earthquakes. The fact that practically any ultra-long period strain 
measurements of the Earth are dominated by the luni-solar tide indicates that although 
tidal stresses are probably at least three orders of magnitude smaller than the tectonic 
stresses upon which they are superimposed, tidal streys rates may be comparable to 
tectonic stress rates. Before discussing the possible effects of tides on earthquakes, a 
few basic facts about tides will be reviewed. Also included is a brief review of a few 
previous tidal triggering studies. 

There are two types of tides which produce observable strains in the Earth's crust: 
solid earth tides and oceanic tides. 

Solid earth tides 

On a global scale, differential gravitational forces exerted by the Sun and Moon 
cause the surface of the Earth to yield radially by up to 40 cm. Since tidal periodicities 
are an order of magnitude longer than the longest period free oscillations of the 
Earth, the deformations caused by tides are usually modelled by equilibrium elasticity 
theory. Strains in the Earth's crust caused by tides can be directly computed from the 
vertical deformations and dimensionless constants of proportionality called Love and 
Shida numbers. The boundary condition of no traction acting on the Earth's surface 
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FIG 1. Schematic for tidal forces and deformation along any great circle passing 
directly beneath the mass. 
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yields the conclusion that tidal stresses normal to the free surface (provided the 
observer is at a sufficiently shallow depth) are zero. Thus for an observer near the 
Earth's surface, the minimum absolute principal stress axis is always vertical. There- 
fore, the remaining principal stress axes are in the horizontal plane and change their 
orientation as the tidal bulge moves around the Earth. A fairly involved argument is 
necessary to show that when the tide producing body is directly overhead, the Earth 
is stretched upward and the horizontal tidal stresses are tensile. When the tide pro- 
ducing body is on the horizon, horizontal tidal stresses are compressional (see Fig. 1). 
Tides are computed separately for the Moon and Sun and then combined; the lunar 
tides being about twice the amplitude of solar tides. 

Oceanic tides 

The effects of oceanic tides on crustal stresses are generally difficult to model. The 
free period of oceanic waves can be comparable to tidal periodicities and thus 
resonance phenomena cause oceanic tides to differ significantly from static equilibrium 
in both phase and amplitude. Oceanic tides sometimes depart from equilibrium by 
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several metres, and are therefore capable of generating significant vertical and hori- 
zontal stresses (up to 0 - 3  bars on some coastal shelves). To model oceanic tidal 
effects on crustal stress then, one must first model oceanic tides and then model the 
response of the Earth to a complicated distribution of vertical forces. Modelling of 
this sort has been done (see Langdon & Thomas (33)), but due to the complexity of 
the problem, oceanic tides have been ignored for this study. In many instances one 
could argue that crustal shear stresses due to oceanic tides are small compared to the 
solid earth tides. These arguments are not always satisfactory and it seems clear that 
loading stresses from oceanic tides should be modelled to fully evaluate the effects of 
tides on earthquakes. 

Earthquakes and tides 

Suppose that earthquakes result from stress accumulations on the order of 150 
bars. Suppose further that in active areas a fault would break once every 100 years. 
Although it is conceivable that the tectonic stress rate prior to failure is quite high, the 
tectonic stress rate averaged over the recurrence interval for such a region would be 
about 0.001 bars/6 hr. Tidal stress rates which can be 0.1 bars/6 hr are two orders 
of magnitude larger than this. Despite many attempts to solve the problem though, 
the question of whether tides trigger earthquakes is still unresolved. It is very difficult 
to disprove tidal triggering since it can always be contended that the wrong parameter 
or data set were used. Knopoff (30) cross correlated 9000 Southern California earth- 
quakes of magnitude greater than 2 with the tidal potential. He found that the 
occurrence of earthquakes appeared random with respect to the tides. Studies of 
triggering of earthquakes on a worldwide basis have been done by Shlien (58) and 
Dix (16) among others. These studies appear to be inconclusive at best. There are 
also many papers supporting tidal triggering. Unfortunately, not all of these reports 
are consistent. Some have found that large earthquakes are more likely to be triggered 
than small ones (see Allen ('7, also Tamrazyan (64)), and yet there have been several 
positive correlations noted for microearthquake swarms. Ryall, Van Wormer & 
Jones (52) report a cross correlation coefficient which is significant at the 99 per cent 
confidence level for a swarm near Truckee, California. Willis & Taylor (71) reported 
correlations between Nevada microseismicity and tides. Caution is necessary using 
microearthquakes since the seismic noise level and hence the threshold for measuring 
microearthquakes often has a diurnal period due to manmade noise (32). 

There have also been reports of correlations between tides and volcanoes. Hamil- 
ton (24) and Mauk & Johnston (38) found tidal periodicities in volcanic eruptions. 
Some investigators have found that earthquakes are triggered during the maximum 
amplitude for tidal potential; others have found that earthquakes are triggered during 
maximum rate of change of amplitude; and still others have found that tides have 
nothing to do with earthquakes. In general, things seem confused. We are faced 
with the question: How might tides trigger earthquakes anyway? To answer this 
question, we must decide what might be important in determining when a rock breaks, 
and then decide how tides enter into our hypothetical fracture criteria. 

Tidal stress and fault orientation 

Although the parameters relevant to fracture may be a function of stress, time and 
constitutive law (which in the failure region may itself be a function of position and 
time), it seems clear that a complete time history of stress in the region of an earth- 
quake would be a useful piece of information. This, of course, is not obtainable. 
However, variations in stress due to tides can be calculated. In most tidal triggering 
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FIG. 2. Definition of co-ordinates systems (el, e2, e3) and (el’, ez‘, e3’) for a thrust 
fault. 

studies, only tidal potential has been considered. The relation between potential and 
stress state (and therefore earthquakes) is not always clear. Since the Sun and Moon 
traverse approximately the same trajectories each day, tidal stress cycles may essentially 
repeat themselves from one day to the next. If we confine ourselves to one nearly 
homogeneous local tectonic stress system and season, then earthquakes might occur 
at a consistent phase of the tides which can be characterized by the single parameter, 
tidal potential. When considering several different tectonic stress systems or seasons, 
special care must be taken to calculate how the tidal stresses relate to tectonic stresses. 

Six independent variables are necessary to characterize the symmetric stress tensor 
at any point in the Earth. Assume the stress in the region of an earthquake to be the 
sum of the tectonic stress tensor, Q and the tidal stress tensor, t. A fixed co-ordinate 
frame should be chosen in order to sum the tectonic and tidal stresses. For earthquake 
studies, the fault plane and slip vector of an earthquake can be utilized to define the 
most useful co-ordinate frames. First consider the frame (el, e,, e3) defined by the 
maximum, intermediate, and minimum principal stress axes, respectively, which can 
be calculated from the known fault plane and slip vector (see Fig. 2). The tectonic 
stress tensor, u, is very nearly diagonal in this frame and for this study assume that u 
is diagonal in the (el, e,, e3) frame. This frame is very convenient since most fracture 
criteria for the fixed fault are easily expressed as functions of all, cr,,, and c33. The 
shear stress causing the earthquake is simply (al - 033) /2 .  Unfortunately, the tidal 
stress tensor has no knowledge of the tectonic co-ordinate frame and in general it is 
not diagonal in the frame (el, e2, e3). Yet by rotating the tidal stress tensor, t, into 
this frame, some idea of how tides affect parameters such as deviatoric stress and 
confining pressure can be obtained in a co-ordinate system natural to the earthquake. 
Since z is not diagonal in the (el, e,, e3) frame, the tidal shear stress acting on the 
rupture surface is not generally equal to (zll -233)/2. For this reason it is convenient 
to introduce a second co-ordinate frame (el’, e2’, e3‘) (see Fig. 2), where el’ is parallel 
to the slip vector and e3’ is perpendicular to the fault plane. In this frame, r; is the 
actual tidal shear stress sympathetic to failure, 
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Taking the epicentral location, the directions and distances of the Sun and Moon 
were computed as a function of time using standard theory of planetary motion and 
the Ile lunar theory. Computer programs written by Henry Fliegel of the Jet Pro- 
pulsion Laboratory were used to make these calculations. Takeuchi’s (63) work was 
then used in a computer program written by Hewitt Dix to calculate the Sun and 
Moon tidal stress tensors at the hypocentral location. The stress tensors were given 
relative to spherical polar co-ordinates with axes centred at the Earth’s centre and 
polar axis towards the Sun or Moon. The stress tensors thus found were then referred 
to rectangular co-ordinates (up, south, east) with origins at the focus. The stress 
tensors were then added and the resultant rotated into the primed and unprimed 
co-ordinate systems defined by the fault plane and slip vector of the earthquake. 
Due to the symmetry of the stress tensor, either of the two complementary fault planes 
and slip vectors which are obtained from the fault plane solution give sufficient 
information to rotate the tidal stress tensor into the co-ordinate systems defined 
above. Various functions of z( t )  and z’(t) were investigated (i.e. different failure 
criteria), to discover whether the origin times of earthquakes had any simple depen- 
dence upon tidal stresses. 

Choice of earthquake sample 

The major purpose of this study is to determine if the time at which an earthquake 
occurs depends upon tidal stresses. It seems clear that to optimize any possible tidal 
effects, only earthquakes whose origin time is independent of other obvious factors 
should be chosen. For instance, the origin times for earthquakes which belong to a 
closely-spaced sequence (e.g. foreshock-aftershock sequence) are probably not 
independent of one another. There was an attempt made then to use only large 
mainshocks which were not preceded by foreshocks. The fault plane and slip vector 
for each quake should be known and well constrained. These parameters were 
obtained from either observed surface rupture or seismically determined fault plane 
solutions. Because of the free surface boundary condition on earth tides, zil (the 
shear stress sympathetic to failure) for dip-slip earthquakes on vertical faults is always 
nearly zero. Thus the polarity of the tidal shear stress for such an earthquake is 
always sensitive to minor errors in the fault plane solution. For this reason, vertically 

Time, hours 
FIG. 3. Example showing how earthquakes were assigned a phase relative to the 

tides. 
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FIG. 4. Geometric interpretation of P R .  PR is the probability that a random walk 
consisting of rn unit steps will walk a distance of R or greater. 

faulted dip-slip earthquakes were not considered. Earthquakes which appeared to 
meet the specifications given above were rather randomly chosen from many different 
sources. The earthquakes were then classified according to depth, type of mechanism, 
location, etc. Clearly, judgment was required in deciding which earthquakes to 
include and how to classify them. To protect against systematic error due to my own 
prejudices, the decisions were made about the earthquakes before any tides were 
computed and furthermore the decisions were final. 

Data analysis 

Various components and combinations of components of z and z' were plotted 
as a function of time. Each earthquake was assigned a phase on a linear scale from 
0" to 360°, where 0" was maximum tidal stress directly before the earthquake and 
360" was the maximum tidal stress directly after the earthquake (see Fig. 3). These 
phases were then plotted on rose diagrams. A clustering of earthquake phases on the 
rose diagrams indicates a possible relation between tidal-stress and earthquakes. If 
earthquake origin times and tides are independent then the distribution of phases on 
the rose diagrams should appear uniform. A simple method for determining the 
degree of order in a rose diagram was developed by Rayleigh (49). Consider a two- 
dimensional vector in polar co-ordinates u = (r, $) (see Fig. 4). If the magnitude of 
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the vector sum of n unit 2-dimensional vectors (1,4;), is denoted by R and the 4i 
correspond to earthquake phases then the probability, PRY that a random set of n 
phases will produce a sum vector whose magnitude exceeds R is approximately equal 
to exp (- RZ/n). This approximation is sufficient when n is larger than 10. Thus the 
smaller PR gets, the higher our confidence in tidal triggering becomes. Some caution 
should be used in interpreting PR. Since the data sample has been grouped in many 
ways, the probability of finding a random sample with a small PR is significant. For 
example, the probability of being dealt a flush in poker is small for any individual 
deal, but the probability of achieving a flush at some point during a long evening of 
poker is not so bad. 

Results 

A total of 107 earthquakes were included in the data sample and they appear in 
Table 1. They are grouped according to depth and focal mechanism. Earthquakes 
with depths listed as 33 km may have had the depth constrained. Rake is defined to 
be such that 0" is left-lateral movement and +90" indicates thrusting. Listed are the 
phases of both the tidal hydrostatic stress and tidal shear stress sympathetic to failure. 
Other stress parameters were investigated, but the best correlation obtained was with 
the shear stress, z i3 .  The hydrostatic stress ( T ~ ~  +222+233) /3 ,  is proportional to the 
magnitude of the tidal potential and is independent of the co-ordinate frame. A 
comparison of the phases of the tidal hydrostatic stress and the phases of the tidal 
shear stress, zi3,  thus gives an indication of the importance of orienting the tidal 
stress tensor relative to the motion of the earthquake. Figs 5 and 6 summarize the 
correlation of the phases of tidal stress with several different groupings of the earth- 
quake sample. Fig. 5(a) shows no apparent correlation (PR = 0.56) between the 
phase of the tidal hydrostatic stress and the occurrence time of the earthquake. The 
correlation improved (PR = 0.059) when the phases of the sympathetic tidal shear 
stress were considered as is shown in Fig. 5(b). The possible correlation shown in 
Fig. 5(b) is evidently not due to earthquakes deeper than 30 km as Fig. 5(c) and (d) 
indicate no significant correlation of either hydrostatic (PR = 0.26) or shear stress 
(PR = 0.15) with origin time. Fig. 6(a) shows no significant correlation (PR = 0-76) 
between tidal shear stress and shallow strike-slip earthquakes. Fig. 6(b) and (c) 
illustrate that most of the possible correlation between a11 107 earthquakes and tidal 
shear stress is due to that portion of the sample consisting of shallow (less than 30 km) 
dip-slip or oblique-slip earthquakes (greater than 30 per cent vertical motion). The 
phases of the hydrostatic stress for shallow dip-slip or oblique-slip events appear to 
be random (PR = 0*77), but the phases of the shear stress show a rather impressive 
correlation with origin times (PR = 1 .O  x Apparently, depth is an important 
parameter since dip-slip events in the 30km to 50 km (PR = 0.26) region (see 
Fig. 6(d)) do not reflect the correlation seen for shallow events. This classification 
may be somewhat misleading, though, as earthquakes which are assigned depths of 
33 km niay well have been shallower. 

Discussion 

Although a larger data sample is desirable, some preliminary conclusions can be 
drawn from the results given above. Origin times for shallow dip-slip or oblique-slip 
earthquakes with magnitude greater than five appear to correlate strongly with tidal 
shear stresses acting sympathetic to failure. No corresponding correlation is found for 
shallow strike-slip earthquakes or for any earthquakes deeper than 30 km. Obviously, 
these conclusions do not give sufficient information to construct a model of failure. 
They do, however, provide constraints on any models which might be proposed. Let 
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Maximum tensile stress 
I 

Maximum shear stress 
I 

n o  

90" 

FIG. 5. Tidal phases for various groupings of the earthquake sample. (a) phases of 
tidal hydrostatic stress for all 107 earthquakes; PR = 0.56, (b) phases of tidal shear 
stress ( T ' I ~ )  for all 107 earthquakes; P ,  = 0.06, Cc) phases of tidal hydrostatic stress 
for all earthquakes (45) deeper than 30 km; PR = 0.26, (d) phases (tidal) of shear 

stress for all earthquakes (45) deeper than 30 krn; PR -= 0.15. 

us first consider the implications of the positive correlation found with shallow oblique- 
slip and dip-slip events. 

(i) If it is true that tidal stress whose rate is of the order of 0.1 bars/6 hr affects 
the initiation of earthquake failure, this would imply that the rate of tectonic stress 
build up prior to the earthquake does not substantially exceed 0.1 bars/day. This is 
not too surprising since earthquakes with foreshocks were not considered and thus 
slowly changing stresses are reasonable. This stress-rate argument bears on the 
' dilatancy-fluid diffusion ' model of earthquakes and will be discussed later. 

(ii) The failure criterion, which is some functional of stress, a constitutive law, and 
time, is evidently sensitive to small perturbations in stress. This restricts the class of 
possible failure processes to those which, in some vague sense, are brittle for time 
periods on the order of 12 hr. 

(iii) Although the true failure criterion is not known, it evidently is not indepen- 
dent of the shear stress. This may seem a statement of the obvious, yet some results 
from rock mechanics suggest that failure is most sensitive to confining pressure once 
sufficient shear stress is present. 



Tidal trigcering of earthquakes 

Nlaxlmum ,s+eor stress Maximum ,tensile stress 
0" 

270 90," 270 90' 

180" 180" 

319 

Maximum >hear stress Maximum shear stress 
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FIG. 6. Tidal phases for various groupings of shallow earthquakes. (a) phases of 
tidal shear stress for 28 shallow (less than 30 km) earthquakes with strike-slip 
motion; PR = 0.76, (b) phases of tidal hydrostatic stress for 34 shallow (less than 
30 km) earthquakes with dip-slip or oblique motion; PR = 0.77, (c) phases of tidal 
shear stress for 34 shal!ow (less than 30 km) earthquakes with dip-slip or oblique- 
slip motion; PR = 1.0 x (d) phases of tidal shear stress for 10 earthquakes 

between 30 and 50 km deep (1 strike-slip); PR = 0.26. 

The implications of the absence of a correlation of the phases of the tidal shear 
stress with origin times for strike-slip and deep earthquakes are even more vague. 
Two explanations seem likely. 

(i) The rate of tectonic stress build up is rapid just prior to the earthquake. This 
could be caused by rapid pore pressure changes or by other premonitory effects such 
as creep near the failure region. 

(ii) The strength of the material has an important time dependence. That is, 
once the failure process is initiated, the rock will fail in some given time, regardless of 
small perturbations in stress. 

It is important to recognize that a very simplified model of tidal triggering has been 
assumed in this study. Changes in the observed correlations would be anticipated if 
more realistic models of tidal stresses and failure processes were considered. Oceanic 
tidal loading, which would affect both the phase and character of the tidal stresses, 
has been ignored. Also, the shear stress is probably a crude approximation to the 
true fracture criterion and thus some other functional of the stress tensor may work 
better. Finally, other methods for assigning the phase of an earthquake with respect 
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to  the tides may give better results. The method used in this study, while statistically 
valid, presents a problem with causality. The peak in the tidal stress parameter after 
the earthquake is used to define the 360" point on the linear phase scale. How the 
origin time of an event should depend upon the nature of the stress after the event 
has occurred is not clear. 

Tidal triggering and dilatancy-diffusion 

The most important predictions of the dilatancy-diffusion model of earthquakes 
are that: (i) rocks strain non-linearly prior to an earthquake, (ii) the time period of 
anomalistic seismic velocity associated with an earthquake is an exponential function 
of the magnitude of the ensuing earthquake (9,54). When earth tides are incorporated 
into such a model, several interesting conclusions result. 

(i) Changes in observational Love numbers 

Beaumont & Berger (11) have discussed the problem of tidal strains in a dilatant 
region at some length. Their calculations indicate that changes of up to 60 per cent 
in the amplitude of observed tidal strains should occur near a dilatant region. My 
calculations indicate that due to non-linearity of a dilatancy constitutive law, changes 
in the character of the tidal strains should occur. Using experimental curves given by 
Brace (12) a non-linear elastic ' dilatancy-regime ' constitutive law has been developed 

FIG. 7. Tidal volumetric strain assuming an elastic, anisotropic dilatancy type 
constitutive law. The top curve is a plot of tidal hydrostatic stress as a function of 
time. The tidal volumetric strain of an isotropic normal crust would be some 
constant multiple of this curve. The shape and phase of tidal volumetric strain 
would change if the region of interest were anisotropic, however. The lower three 
curves show the effect of different orientations of the tectonic co-ordinate system. 
Here all the curves are plotted for the same tidal stress tensor as a function of time. 
(a) hydrostatic stress; ( T ~ ~  + T ~ ~  + 7 3 3 ) / 3 ;  (b) dilatancy volumetric strain for vertical 
strike-slip earthquake, el dips 0" to NE, e3 dips 0" to NW; (c) dilatancy volumetric 
strain for thrust earthquake, el dips to 0" to N, e3 is vertical; and (d) dilatancy 
volumetric strain for oblique slip earthquake, e, dips 3" towards N36" E, e, dips 

74" towards S35" E. 
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to calculate volumetric strain as a function of z l l  and z,,. Since tidal stresses are 
small, this constitutive law can be linearized about any point in stress space. Thus a 
dilatant region should respond linearly to tidal stress, but the linear response of the 
material will change in time. Linearization of the constitutive law about a dilatant 
state would, in general, yield an apparent anisotropy of the dilatant material. If the 
linearized constitutive law for a dilatant region were anisotropic, one might also 
expect a shift in phase for certain tidal strains. In fact, for certain fault orientations, 
dilatancy allows for the possibility of volumetric expansion during tidal compressive 
hydrostatic stress. Fig. 7 illustrates what the volumetric strain might look like 
assuming an anisotropic dilatancy constitutive law and several different tectonic 
co-ordinate frames. It has been assumed in this calculation that the tectonic deviatoric 
stress (z l l  - - T ~ ~ ) ,  is on the order of 8 kbar with a tectonic confining stress, T,,, of 
about 1 kbar. The rock would be well within the dilatancy regime for such a high 
deviatoric stress. In the example of a thrust fault, the e, axis is vertical and thus z33 
is approximately zero. Results from dilatancy experiments indicate that tidal volu- 
metric expansion should occur when z1 becomes compressive. The constitutive law 
used for these calculations is not intended to give a true representation of the stress- 
strain relationships to be expected in the Earth. It merely provides an example of the 
kinds of phenomena which we might expect to observe in a dilatant region. This 
example illustrates that there would be not only a change with time in the amplitude 
of tidal strains due to non-linearity but also, a change with time in the shape and 
phase of tidal strains due to the apparent anisotropy caused by non-linearity. Modifica- 
tion of tidal strains may already have been observed. Nishimura (47) notes that 
between 1942 and 1946 the strain station at Makiniine, Japan recorded variations 
which seemed to correlate with local earthquakes. 

Other problems arise when considering the effect of tides on dilatancy. Experi- 
ments by Scholz (55) indicate that the stress-strain curve for a dilatant rock is irre- 
versible (non-elastic). That is, the strain depends upon what path the stress has taken. 
Path dependence most often arises through first and higher order derivatives of the 
stress path with respect to time. Since tidal stresses occur every day and since their 
rate of change is probably larger than tectonic stress rates averaged during the dila- 
tancy phase, tides could have a profound effect on the slope of the stress path for 
any rock which is undergoing dilatancy. Thus the existence of tidal stresses dictates 
that the hysteresis of a dilatant rock must be examined. 

(ii) Only large earthquakes triggered by tides? 

The argument has been made that tides are important for triggering since the tidal 
rate of stress change may be larger than the tectonic rate of stress change. The 
dilatancy-diffusion model adds a new quirk to this reasoning. Diffusion is important 
in this model since it determines the pore pressure of a rock. The theory is that the 
confining stress used in any fracture criteria should actually be the effective confining 
stress (a,,), which is the true confining stress minus a constant times the pore 
pressure. The rate of change of the effective confining stress is thus a linear function 
of the rate of fluid influx to a dilatant region. From the length of the ' anomalistic 
velocity period ' observed for earthquakes of different magnitudes, it has been 
theorized that the logarithm of the time required for the pore pressure to drop because 
of dilatancy and then return to normal due to fluid diffusion is a linear function of the 
earthquakes magnitude (Whitcomb et al. (68); Anderson & Whitcomb (69); Scholz 
et al. (54)). Thus the rate of change of effective stress depends strongly upon the size 
of the earthquake. For an earthquake with anomaly periods of several days or less, 
the rate of change of effective confining stress due to diffusion should completely 
swamp the rate of stress change due to the tides. For these reasons, earthquakes of 
magnitude less than three should not correlate with tidal stresses. This immediately 
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suggests an important tert for the dilatancy-diffusion model. Small earthquakes 
which undergo a dilatancy-diffusion process should not be tidally triggered. 

Fluid diffusion is not the only model which has been developed to explain the 
recovery of seismic velocity from anomalously low values to normal prior to an 
earthquake. Crack closure also appears to adequately explain the present observation 
of the velocity recovery phase (9). Crzck closure essentially postulates that cracks 
which opened in the dilatancy phase would close again in the velocity recovery phase. 
The point to be made is that the length of the anomalous period is once again an 
exponential function of the ensuing earthquake’s magnitude (Anderson & Whit- 
comb (9)). It seems inconceivable that small changes in stress due to tides could have 
a significant effect upon the occurrence time of a small earthquake whose anomalous 
period is very short, on the order of days. In fact, practically any magnitude dependent 
deterministic model of earthquakes for which precursor times are of the order of tidal 
periods would seem to predict that tidal triggering should not occur. Unfortunately, 
the earthquakes considered in this study are larger than magnitude 4. An important 
study would be to repeat the process done in this study for small independent dip-slip 
earthquakes for which V, anomalies have been observed. There have already been 
some studies (for instance, see papers by Klein (29) and Willis & Taylor (71)) which 
suggest that small earthquakes are tidally triggered. At the present, though, the 
problem of triggering of small dip-slip earthquakes appears to be unresolved. 

Conclusions 

Shallow oblique-slip and dip-slip earthquakes whose magnitude is greater than 
five appear to correlate with tidally generated shear stresses which are sympathetic 
to failure. This apparent correlation does not seem to be true for strike-slip earth- 
quakes or for any earthquakes which are deeper than 30 km. The dilatancy-diffusion 
model seems to predict that tidal triggering should not be seen for small magnitude 
shallow dip-slip earthquakes. A test of the dilatancy-diffusion model is thus suggested 
by this result. 
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