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A mechanism to explain the generation
of earthquake lights

D. A. Lockner, M. J. S. Johnston & J. D. Byerlee

US Geological Survey, 345 Middlefield Road, Menlo Park, California 94025, USA

Explanations of how earthquake lights might arise have failed to show how large charge densities can be concentrated
and sustained in a conductive Earth. A physical model is proposed, based on frictional heating of the fault, that solyes

this and related problems.

EARTHQUAKE LIGHTS (EQLs) have long been an unex-
plained problem in seismology. Early on, the very existence of
EQL was questioned by the scientific community since no really
‘testable’ data existed and observations were invariably made
by untrained observers. A transformation in these attitudes
occurred when photographs of luminous phenomena were
taken during the Matsushiro earthquake swarm in Japan
(Fig. 1), between 1965 and 1967'2. The reluctance to accept
the proposal that large-scale electromagnetic disturbances are
associated with earthquakes has been supported by the lack of
any satisfactory theory to explain how large charge concentra-
tions can be generated and maintained in a highly conductive
Earth. However, the continuing reports of EQL? & especially
the Matsushiro pictures, have led to a general acknowledgement
that EQLs do occur. Numerous mechanisms for generating
EQL have been investigated. Because many crustal rocks are
quartz rich, piezoelectric effects have received much attention®,
although this mechanism has generally been discounted because
of both the short decay time constant of the piezoelectric
process” and indications that piezoelectric charges may be self-
cancelling”®. Mizutani et al.'* have discussed the possible role
of streaming potentials produced by movement of groundwater.
However, the problem remains of demonstrating a mechanism
that provides for the concentration and maintenance of large
charge densities near the Earth’s surface. The charge relaxation
time for electrostatic processes is /o where o is conductivity
and e is permittivity (typically, ¢ =0.5-1.0x10 " Em ! for
crustal rocks)'. For a relaxation time of 1s, a conductivity
below 107" S m ' is required and is not normally found in the
Earth’s crust. The following theory is proposed as a solution
to this dilemma.

Note that EQL phenomena do not accompany  all
carthquakes, indeed it seems to be the exception rather than
the rule. A significant observation has been made by seismo-
logists in the People’s Republic of China. In a recent compila-
tion of world-wide reports of EQL", most occurances were for
carthquakes of magnitude 7 or greater, with only a few in the
range M =6 to 7 and none below M =35. This provides an
important test constraint for our theory.

Friction-vaporization theory

We suggest that duri ng a large earthquake significant frictional
heating of the shear zone will occur. In the proper conditions,
this will lead to vaporization of water in and near the shear
zone and a dramatic decrease in electrical conductivity, ¢, for
saturated or partially saturated rock from about 107! o
<107'°S m™. Together with lowered conductivity, the intense
shearing and the vaporization of porewater produces significant
charge separation in the shear zone. Continued frictional heat-
ing produces increasing o in the shear zone (107°Sm™ at
500°C; 107*Sm~" at 650 °C) resulting in a central candnetor

central conductor will collect charge in the shear zone, and
because it is hundreds of metres deep and only centimetres
wide, it will concentrate the charge along its edges, where the
curvature is highest. If the conductor is shallow enough, the
charge concentrated alon g its top edge will produce an intense
electric field at the Earth’s surface, enhanced by the normal
atmospheric potential gradient, that will then be strong enough
to induce coronal discharge in the atmosphere above the fault.

Heating of fault

Various aspects of frictional heating of faults during
carthquakes - have recently received much attention'*"18,
Although the efficiency of frictional heating during carthquakes
and the vertical distribution of stress on active faults are topics
of much controversy, Sibson er af'® have shown through
identification of pscudotachylytes that significant frictional
melting does occur on some faults. Measurements on laboratory
samples®’ show that >90% of the energy released in stick-slip
is used in frictional heating of the fault. So we can assume that,
at least for some earthquakes, significant heating of the fault
zone will oceur.

Conductivity of rock

The study of the electrical properties of rock in a variety of
geological conditions is still in its early stages, but many useful
data already exist. Olhoeft?'?2 hag measured resistivity (equal
to o ') as a function of temperature for granite, basalt and
hornblende schist. At 100 °C, o for vacuum dry granite is
10 S m™, that is >10 orders of magnitude lower than wet
granite.(Similar results were found for the other rock types.)
Although it may scem unexpected, as water-saturated granite
is heated above 100°C at 1 atm, conductivity wil] approach
1072Sm™! even though water vapour is still present in the
pores.

Water vapour is often thought to be a good electrical conduc-
tor. For example, it is well known that in humid weather,

are in fact very good insulators with o < 107 S m™ (ref, 23).
Rust and Moore® have measured electrical relaxation times
more than 6 times greater at the base of thunderclouds than
in clear air, indicating that clouds have a conductivity of the
order of 107 Sm™ (ref. 25). In fact, this is why clouds can
sustain very large charge separation, Thus, for most partially
saturated rocks, surface conduction has the primary role in
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of vacuum dry rock even when some adsorbed water remains.
The first monolayers of water (including the outer Helmholtz
plane, OHP) are tightly bound to crystal surfaces®, so that even
though some surface conduction oceurs in this region, it is much
less than the conduction that occurs in the more mobile layers
beyond the OHP. Thus, for wet granite with pore pressure
below the critical pressure of 22 MPa and at temperatures
sufficient to vaporize the water, conductivity will be within one
order of magnitude of the vacuum dry conductivity®*. Data for
granite” are reproduced in Fig, 2 together with a curve of
estimated conductivity at 1 atmosphere pore pressure.

Charge source

Numerous mechanisms have been suggested as potential sour-
ces of charge for EQLs. Piezoclectricity and streamin g potential
have already been mentioned here. Due to the intense shearing
inherent in earthquakes, triboelectric processes must also
occur®”. However, the primary source of charge in our model
is the vaporization of porewater during the intense shearing
and heating of the fault zone. Tt has long been known that
mechanical disruption of water droplets can produce large
charges®™®. The charging of water droplets by splashing or
spraying was termed ‘waterfall electrification’ by Lenard® or
by others, ‘Lenard splashing’. It has also been referred to as
‘balloelectrification™' and ‘spray electrification’®>. These terms
all refer to the disruption of liquid surfaces and can gencrate
hundreds or thousands of volts. For example, explosions on
supertankers at sea have occured while being washed down
with a high-power waterjet. Pierce™ suggested the electrical
charging that was developed through Lenard splashing during
the washing operations was probably the cause of the discharge
that ignited oil vapour and resulted in these disasters, Although
this manner of separating charge is a wel| documented experi-
mental phenomenon, the mechanism by which the charge i
produced is not well understood. It is thought to be related to
the sudden disruption of the surface layer in non-equilibrium
conditions. When a new surface is created a liquid will spon-
taneously form a structured boundary layer whose chemical
and electrical gradients differ from those of the interior of the
fluid. The equilibrium distribution of ions, as well as the rate
at which the boundary layer forms, will depend on the types
and concentration of ions in solution, If a segment of the
boundary layer is suddenly removed {(by violent boiling, for
example) the net charge of the resulting droplet can be very
different from that of the host. Blanchard™ has, in fact, found
that the mechanical tearing apart of water during violent boiling
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Fig. 2 Log conductivity against temperature for granite at
0.1 MPa pore pressure (data taken from ref. 22). The abrupt drop
in o at the boiling point should occur for pressures below the

critical pressure (22 MPa). Open symbols are vacuum dry; closed
symbols are water-saturated rock at 30 MPa.

generates charges up to 1077 C g7 of evaporated water. As an
example below will show, this process can provide a charge
sufficient for the requirements of our model.

In applying our theory, many plausible geometries can be
used that would produce circumstances favourable for EQL or
other electromagnetic phenomena. For a vertical fault plane in
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where A is the heat source, pc the volumetric specific heat and
a the thermal diffusivity. The temperature T(0, t) on the axis
of a uniformly sheared fault during slip is given by!’

!
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where
i"erfcx=J‘ i"erfce de (2a)
i%erfe x = erfex =1 —erfx (2b)

and where 7 =shear stress, v = average sliding velocity, a =
fault half width and ar(t) =Vdat is the conduction half width,
Following the carthquake (duration time = t*), we calculate
temperatures in one of two ways. For a/af <1, the source is
diffusion dominated and We approximate it by an instantaneous
release of heat per unit area = rpr* atx =0,7=r*/2. The tem-

perature distribution is given by



where t'=1 -1*/2 and a! = Vdar'. For a/a% =1, conduction
of heat out of the shear zone is not important during the
carthquake. In this case, the source is approximated by a region
of width 2a and of uniform temperature at time (*/2. The
solution is given by

Tot® a—x a+ .1']

Tix, t") =-4 - [crf ——+erf ——

’ ’ {4)
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The approximations (3) and (4) give errors <10% for ¢ =2r*

and rapidly converge on the correct solution for r=2p%.

Equation (2) gives the axial temperature for ¢ = ¢* exactly.
Vilues of the parameters used in the example are

a=0.01cm’s ' (5a)
pc =0.65 cal cm *°C ! (5h)
v=200cms ! (5¢)
n=0.48 (5d)
T,=10+30z°Ckm ' (5¢)

Equations (5a), (5b), and (5d) are typical values found for
crustal rocks'”. The coefficient of friction i is within the range
of values measured both in the field and in the laboratory for
San Andreas Fault gouge. Laboratory measurements indicate
that in regions lacking clay-rich gouge, p can be as large as
0.80. This would make near-surface frictional heating even
more intense than we assume in the present model. Equation
(5¢) is generally assumed to represent an earthquake stress
drop of 20 MPa (ref. 36). Although carthquake stress drops
commonly range from 1 to 10 MPa (representing velocities
between 10 and 100 cm s, 20MPa is a plausible value. In
fact, one implication of our model is that during moderate
earthquakes, EQL would be more likely to occur when stress
drops are above average.

A thermal gradient of 30°C km (equation (5¢)) is added
to all temperatures, although this has little effect on the near-
surface phenomena, Also, we assume a 100 m unsaturated zone
above the water table. The main effect of having such a low
water table is to increase the near-surface effective pressure
(=normal stress —pore pressure), and consequently increase
the shear stress. By using a 100-m water table, shear stress at
100 m depth is 20%, higher than if the water table were at the
surface. Because other parameters can affect the near-surface
heating, the precise depth of the water table is not critical.
Effects due to heat of vaporization as water is flashed to steam
are ignored here. For a shear zone containing 1% water,
neglecting heat of vaporization results in at most an 8 °C error
and for the purposes of the present example is unimportant. If

undersaturation, dilatancy of the fault zone, high permeabil-
ity"”, or hydrofracture’.

To estimate the stress distribution, the bhest data to draw on
are probably those of McGarr et al **, who determined that
static shear stress {r.) in the top 1 km of the crust paralle] to
the San Andreas Fault is

7= (0.90£0.47)(MPa) +(7.86 + LI8)(MPakm ')z (¢)

The dynamic shear stress T measured along the fault during
sliding should in general be <7, However, depending on the
composition of the fault gouge material, the coeflicient of fric-
tion can be much greater than equation (5d). As a result,
dynamic shear stress in other regions could be greater than
would be calculated by equation (6). The amount of energy
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heating to be >90% efficient for low normal stress events.
Thus, for the sake of simplicity, using equations (5d) and (6)
and a 100-m unsaturated zone, we take

7= 1.0(MPa) + 13.0(MPa km™)z z=0.1km (7a)
7 =1.5(MPa) +8.0(MPa km™)z z>=0.1km (76)

In (equation (7a)), pore pressure above the water table is 0
and both effective pressure and shear stress increase faster than
below the water table (equation (76)) where pore pressure
increases with depth.

The processes controllin g fault width are poorly understood,
80 our choice of the width of the shear zone, 2a, must be
somewhat arbitrary. In a study of fault zone characteristics for
faults as deep as 5 km in North America, Wallace and Morris™
make several generalizations, They find that the widths of fault
zones tend to be greater for faults having greater displacements.
Faults are generally constituted of one or more claylike gouge
zones in a matrix of sheared and foliated rock that is bordered
by highly fractured rock. They also find the width of the gouge
zonc generally to be 1/100 to 1/300 the total displacement
and the width of the highly fractured zone to be ~10 times
that of the gouge zone. From similar observations Robertson*®
has found a strong correlation between total slip, u, and fault
width. He finds that 2a/u averages 1/100 and can range in
value from 1/10 to 1/1,000. He also observes that many of
the fault zones with low 2a/u were shallow and (presumably)
at low stress. Furthermore, studies of wear in metals (little work
of this nature has been done with rocks) indicate that the rate
of production of wear particles is proportional to stress*'. We
assume, in the absence of better data, that for a single
carthquake the shear zone width on a fault will be proportional
to displacement and stress. Relating shear stress to depth, we
use in our example

2a(cm)=2x10 *u(cm)z (km) (8)

For earthquakes of A =6, 7 and 8, we use slip u =29, 130,
and 620 cm, respectively, o(T) is taken from Fig. 2 (using the
data of Olhoeft®?). Some key parameters in the example are
listed in Table 1.

Figure 3a-d plots conductivity contours for different stages
of an M =8 earthquake. These were obtained by first caleulat-

Table 1 Model parameters

a _T(o.':*)

z T (0, %)
(km)  (MPa) (cm) (°C) (Sm™
M =8 0.001 101 0.0 738 4x10™*
1 =620cm 0.01 11.3  0.06 715 3x10
v=200cms" 0.02 126 0.12 681 2x107*
tF=315 0.05 16.5 .31 566 Ix107°
0.1 23.0 062 435 4x107
0.5 550  3.10 227 3x107™"
M =7 0.001 10.1  0.00 346 1x107%
u=130cm 0.01 11.3  0.01 362 2x1078
v =200 cms™! 0.02 126 0.03 375 4x107®
*=065s 0.05 165 006 396 gx1p°®
0.1 23.0  0.13 389 7x10°"
0.5 550 065 227 3x10°1°
M=6 0.001 101 o0.00 170 4xip1!
=29 cm 0.01 11.3  0.00 183  6x1p7 1!
v=200cms ' 0.2 126 (o 197 9xip™
t*=0.145¢ 0.05 16.5  0.01 231 I 10”10
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Fig. 3 Log—conductivity cross-sections (Sm™1) for various earthquakes v =200 cms a-d, M =8; horizontal exaggeration =3,230:1.
€, f, M =7, horizontal exaggeration =15,400:1. g, h, M = § horizontal exaggeration = 69,000:1; shear zone has not heated enough to form
central conductor.
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abruptly (a% =0.4 cm) and o < 107! g water is vaporized, In left oppositely charged. After 10§ (Fig. 3b), the central conduc-
the interior, temperature approaches 740 °C and conductivity tor has disappeared as the near-surface shear zone cools.
increases to 4x10 “Sm ! near the surface, where slip is However, any charge accumulated jn this region will be trapped

accommodated by the narrowest shear zone. The central con- in what now has become a low conductivity zone until the water
ductor actually reaches the surface, extends to a depth of vapour can recondense. Figure 3d plots conductivity at 50,
100-200 m and averages ~1 cm in width. Such a narrow near- just before water vapour in the surface layer recondenses and
surface shear zone is not uncommon'®. Below 400 m, tem- shields any remaining charge from the atmosphere,

perature in the shear zone changes little with depth because To estimate the charge that would accumulate near the sur-

increasing stress is balanced by increasing fault width. This face, let us assume that porosity is 1% and that the vaporized
leaves the conducting region bounded by an insulator ¢ < water in the central conductor (Fig. 3a) provides 10 7 C g of
107"'Sm ' on the sides and o <10™** S m ! underneath. The  charge™. Note that although the central conductor in Fig. 3a

with minerology. For example, conductivity of 102 m~! wag the natural geopotentia gradient. If all of this charge were
reported for magnetite-free dunite*? at 200 °C, Also, increasing concentrated in a 1-cm wide surface zone, the charge density
quartz content will tend to decrease conductivity. Thus, ¢ can  would be2X107' Cm™2, much greater than the 5x 1075 C m—2
easily vary by 2 orders of magnitude above or below the curve required to cause coronal discharome in aiv o, i



irregularities would further concentrate the charge, and so
would enhance this effect.

Figure 3e, f plots conductivity for a A/ =7 carthquake, As
in the previous example, the insulating layer reaches the surface.
However, because of the decrease in total slip, the near-surface
zone does not get as hot as it did in the M =8 example.
Consequently, the central conductor only begins to form and
surface charge concentration will be much less than in the
previous example. Also, the charge concentration will be shiel-
ded from the atmosphere after only 2 s (Fig. 3f). Figure 3g,h
plots conductivity for a M =6 carthquake. In this example, no
central conductor develops, and so any mechanism for concen-
trating charge from large sections of the fault is eliminated.
Our model shows that a Af =7 earthquake is the smallest that
we would expect to produce EQL in the conditions presented
in these examples. This agrees with the observations, stated
carlier, that EQI, primarily occur during carthquakes of Af =7,

Conclusions

We have shown that with quite reasonable physical assump-
tions, EQL can be generated and should be expected for at
least some earthquakes. Since our mechanism for producing
EQL is a ncar-surface phenomenon even for very large
earthquakes, we would not expect these effects to occur in
deep subduction zone carthquakes. This is consistent with the
reported observations, Furthermore, since this mechanism is a
consequence of substantial energy release during the failure
process, EQL are not cxpected to precede the main shock. In
some cascs, EQL have been reported to occur moments before
the main shock. These observations might be explained in the
following manner. A person standing, for example, 60 km from
the hypocentre of a large earthquake would first observe either
EQL in the distance or perhaps the reflection of EQL off of
overlying clouds. However, given a crustal shear wave velocity
of ~3kms ', he would not feel the earthquake until 20 ¢ later,
thereby concluding incorrectly that the lights preceded the
earthquake.

It is clear from the examples shown that for EQL to be
generated, sufficient heat must be available to vaporize water
and to form a central conductor and the pore pressure must
remain low. At 10 MPa, for example, the boiling point of water
is raised to 311 °C, at which pointo =0.6x10 *Sm ! (Fig. 2).
The electrical conductivity will exceed this value at all other
temperatures and an insulating sheath will not be formed. Low
pore pressure at depth will occur only if the rock has no pore
water or if appreciable dilatancy accompanies the earthquake.
Measurements of faults™ reveal that gouge zones are generally
surrounded by regions of highly fractured rock ~10 times wider
than the gouge zone. Because this fractured zone increases with
increasing fault displacement, it is probably produced during
the slip episodes, Consequently, co-seismic dilatancy, low pore
pressure, and therefore electromagnetic phenomena may occur
hundreds of metres below the surface. Development of the
central conductor is strongly dependent on the near-surface
shear zone width, stress disp]nccmcnl, and sliding velocity
(equation (2)). In the example in Fig. 3a-d, the central conduc-
tor would still form for v = 10 cms”'. However, for an M=7
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earthquake, the shear zone would no longer heat up enough
to form a continuous conductor. Although there is sufficient
slipinaM =8 carthquake to make EQL possible over a wide
range of slip velocities, the smaller slip associated with M =6
to 7 earthquakes reduces the likelihood of EQL unless near-
surface heating is enhanced. Large stress-drop earthquakes
would have higher slip velocities and would therefore be more
likely to generate EQL. Earthquakes resulting from the creation
of new faults would generally fall in this class. In fact, the 1975
Haicheng® earthquake, for which lights were reported, ruptured
at right angles to the trend of mapped faults in the region
suggesting that it may have formed a new fault. Near-surface
shear stress can be increased in several ways. Gouge zones that
are deficient in clay may have coefficients of friction of 0.8 or
more. In such regions, shear strength could increase rapidly
with depth. Regions with surface shear stress exceeding 1 MPa
(ref. 38) will also have greatly enhanced near-surface heating.

EQL would not be expected to occur with all large shallow
carthquakes. However, for all large shallow earthquakes we
would expect transient changes in both pressure and clectrical
conductivity in the region around the fault zone. Secondary
effects associated with this process might include rapid chan ges
in groundwater levels and the emission of water vapour and
other charged gases (CO,, H,, He, and so on) from the region
around the fault zone. Increases in near-surface humidity and
ground fog at the time of the Haicheng earthquake®™*® and
indications of lights over the ocean™ may be related to this.
Interestingly, large electric fields would also occur with both
the emission of water vapour'® and of gas™ from the fault zone
area. These fields could also result in ground glow®® as gases
are forced up through the permeable zones around, and perhaps
in, the fault zone.

Sources of rapid crustal heating other than fault failure should
also result in aspects of the electrical process that has been
described here. Possible cxamples are dyke injection and
magma intrusion. While the physical details are less clear, the
main feature of the model presented here (the formation of an
insulating sheath around the injected dyke) together with the
secondary features (water-level changes, gas emission, and so
on) resulting from the pressure pulse, should both occur. Dyke
injection and magma intrusion may have occurred during the
Matsushiro carthquake swarm*”. Because the EQL at the Mat-
sushiro swarm are the only known ones not associated with
large scale surface rupture or large magnitude carthquakes,
these EQL are not casily explained by the fault heating process.
An explanation in terms of dyke injection in this old volcanic
zone would seem preferable in this case. On the other hand,
both the 1975 Haicheng® and the 1975 Hawaii carthquakes’
may be good examples of failure-generated EQL. The lights
in the latter case were apparently viewed parallel (o strike along
the coast in a south-west direction.

We conclude that, even if EQL do not occur during a given
earthquake, short-term transient electric and magnetic disturb-
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