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and luminosities discussed in this paper.

INTRODUCTION

With the beginning of seismology as a science in the 19th cen-
tury, many scholars devoted time to reporting luminosities as-
sociated with earthquake activity. To name a few, the Irish
engineer Robert Mallet, the “founder of seismology”, published
a five part catalog entitled “On the Facts of Earthquake Phe-
nomena” (Mallet, 1851, 1852, 1853, 1854, 1855), in which
numerous reports on carthquake luminosities can be found.
His catalog, first presented to the British Association of Sci-
ence, covers the years 1606 B.C. to 1842 A.D.. Ignazio Galli, an
Italian priest who graduated in Natural Sciences, published in
the early 1900s a catalog of 148 seismic events associated with
different types of luminosities. His catalog covers the years
89 B.C. to 1910 A.D. and focuses mainly, but not exclusively,
on European events (Galli, 1910). Other early researchers on
the subject of earthquake lights (EQL) include the work of Tar-
amelli and Mercalli (1888), De Ballore (1913), Terada (1931),
Musya (1932), and Montandon (1948).

More recently, numerous studies have been published deal-
ing with descriptions of EQL, some of them offering a possible
explanation with regards to the light-producing mechanisms (e.g,,
Yasui, 1973; Tributsch, 1978, 1982; Devereux et al., 1983; Gold
and Soter, 1984; Hedervari and Noszticzius, 1985; Derr, 1986;
Freund, 2003a; St-Laurent et 4/, 2006; Derr et al., 2011).

From the detailed study of 39 large carthquakes (magni-
tude of 5 or greater) that occurred in 20 different intraplate
regions spread over 6 continents, Gangopadhyay and Talwani
(2003) have shown that many intraplate earthquakes are asso-
ciated with intracratonic rift environments. More specifically,
intraplate seismicity occurs frequently in close association with
extensional rift basins, grabens, and/or aulacogens (i.c., failed
rifts), which in turn are often associated with the presence of
mafic intrusions or dikes. To carry this idea further, the main
topic of the paper presented here is (i) to determine the tec-
tonic environments of the best-documented ecarthquakes that
were preceded, accompanied, or followed by luminosities, and
(ii) to evaluate the possibility that EQL may be associated pre-
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dominantly with intraplate earthquakes located within or
nearby rift-related structures.

Hence, the present study is based on a detailed investiga-
tion of 65 earthquakes in various geological settings for which
sufficient information about associated luminous phenomena
is available (i.e., 27 cases from the Americas and 38 cases from
Europe). It pertains to the gathering and interpretation of geo-
logical, structural, and seismological data as well as EQL reports
and other carthquake precursor phenomena.

A model is proposed for the origin of EQL associated with
both intraplate and interplate (i.c., subduction zone) earthquakes,
which is based on the generation of electronic charge carriers
under high-stress conditions (Freund e 4/, 1994, 2009; Freund,
2002, 2003a,b, 2010; St-Laurent ez al, 2006), their migration
within the crust, and their electrical effect (or luminous expres-
sion) at the ground/air interface near specific types of faults.

DATA SELECTION

Gathering and selecting data from the literature is a critical step
in producing a meticulous and unbiased compilation of luminos-
ities observed in association with earthquakes. We discarded
from this study all cases where the reported luminosities were
described as flames accompanied by smoke issuing from ground
fissures, or were suggestive of moon or sun halos, of meteor-like
bolides passing over the sky at the time of the earthquake, or of
luminous fog or cloud, as long as no other type of light emission
was also included in the report. Events during stormy or unset-
tled weather with the possibility of lightning were also dis-
counted, as well as cases where the earthquakes coincide with
periods of intense aurora activity or where the description of
the light phenomena might fit aurora qualities and effects. In
summary, we clected to discard some possible EQL reports rather
than keeping uncertain cases in our data compilation.

To cover a similar time span for EQL described from the
Americas as from Europe, it was arbitrarily decided to select
reports dating from about 1600 to present, considering that no
documented historic earthquake was reported before this time
in North America (Ebel, 1996; Gouin, 2001). The only listed
carthquake that is significantly older is the Aquilano (Italy)
carthquake of 1461. Furthermore, for the same area, no more
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Table 1
List of Earthquakes in the Americas with Associated EQL Occurrences

Structures Spatially
Correlated with

Earthquakes Associated with Earthquakes and/or Earthquake
Number Observed Luminosities (EQL) EOL Lights
Date Depth (Rift/Graben/ (Distance from
Name Area (yyyy/mm/dd) Mag. (km)  Subvertical Fault**) Epicenter)
1 Saguenay Southeast 1988/11/25 m, 5.9 29 Saguenay Graben  Mostly within
Québec, Canada 125 km (from
northwest to east);
three at 150 km and
two at 225 km
(toward south)
2 Saint-Fidele,  Southeast 1979/08/19 my 5.0 10 Saguenay Graben At ~110 km, toward
Charlevoix Québec, Canada the northwest (over
Saguenay Graben)
3 Charlevoix Southeast 1663/02/05 M ~7.5 Unknown St. Lawrence Rift At ~125 km, toward
area Québec, Canada the southwest (over
Québec City)
4 Newbury Northeast 1727/11/09 my 5.6 <7 Bloody Bluff fault At 15 km,
Massachussets, toward the N
U.SA.
5 Rockland Lake Southern New 1848/09/09 M, 44 ~5 Newark Basin (half- Epicentral area
York, U.S.A. graben)
6 Mooresville ~ North Carolina, 1998/06/04  my,; 4 3.7 ~5 Eastern North Within 30 km
U.S.A. American Rift? (Charlotte-
Mooresville area)
Ji Waynesville  North Carolina, 1916/02/21 M 5.2  Unknown Brevard Zone (Blue At 75 km, toward the
U.S.A. Ridge paleorift) NE (Brown
Mountain)
8 Asheville North Carolina, 1874/02/05 MMI V  Unknown Brevard Zone (Blue At 50 km, along
U.S.A. Ridge paleorift) French Broad River
9 Charleston- South Carolina, 1975/04/28 M, 3.9 8.5 Woodstock Branch  Within 7 km radius
Summerville  U.S.A. fault (South Georgia
Rift)
10 Charleston South Carolina, 1886/08/31 M, 7.3 <12 Woodstock fault Epicentral area
USA. (South Georgia Rift)
1" New Madrid Southeast 1811/12/16 M, 8.1 <15 Reelfoot Rift Within 600 km, from
Missouri, U.S.A. northwest to
southeast
12 Charleston Southeast 1895/10/31 M, 6.7  Unknown Reelfoot Rift Within about 200 km
Missouri, U.S.A.
13 Merritt Southern B-C, 2003/08/20 M, 3.7 ~10  Otter Lake fault At ~50 km, toward
Canada the southwest
14 San Francisco Western 1906/04/18 M, 7.8 ~10  San Andreas fault At 100 km, toward

California, U.S.A.

the north

Mag. and M, magnitude; m,, body-wave magnitude; My g, short-period body-wave magnitude; M, Local (Richter) magnitude;
my, Nuttli magnitude; M, surface-wave magnitude; M,, moment magnitude; MMI, Modified Mercalli scale intensity.
Earthquakes listed in bold type are described in detail in the text; the & others are described in the electronic supplement.
*Earthquake does not appear on Figure 1.
**Also includes areas where subvertical faults not specifically assigned to a rift or graben were observed (e.g., transform and
strike-slip faults).
(Continued next page.)
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Table 1 (continued)

List of Earthquakes in the Americas with Associated EQL Occurrences

Structures Spatially
Correlated with

Earthquakes Associated with Earthquakes and/or Earthquake
Number Observed Luminosities (EQL) EOL Lights
Date Depth (Rift/Graben/ (Distance from
Name Area (yyyy/mm/dd) Mag. (km)  Subvertical Fault**) Epicenter)
15 Hollister Western 1961/04/08 M 5.5-5.6 ~5 San Andreas or Southwest of
California, U.S.A. Calaveras strike-slip Hollister
fault
16 Lone Pine Southeast 1872/03/26 M, 1.5 12 Owens Valley Epicentral area
California, U.S.A. Graben
17 Pineridge Southeast 1894/07/133  MMI VI Unknown Owens Valley Epicentral area
lumber district California, U.S.A. Graben
18 Cross Sound Southeast Alaska, 1973/07/01 my 6.2 ~30  Northeast— At 300 km, toward
U.S.A. southwest oriented the northeast
strike-slip fault? (southwest Yukon)
19* Acapulco- Southwest 1907/04/15 M, 8.0 Unknown (Subduction zone) Epicentral area (in
Ometepec Mexico the sky, seen from
ships at sea)
20 Guadeloupe, Guadeloupe, 1843/02/08 M 15 Deep Marie-Gallante At ~110 km, toward
Pointe-a-Pitre Antilles Graben the south-southwest
(Pointe a Pitre area)
21 Cumana Northeast 1797/12/14  MMI IX  Unknown El Pilar fault Within 30 km, along
Venezuela an east—west
orientation
22 Gulf of Paria  Northeast 1766/10/21 M 1.5 60-200 El Pilar fault At ~175 km, toward
Venezuela the west (Gulf of
Cariaco)
23 Pereiro Eastern Brazil 1968/01/03 m, 3.9-4.5 >1to <12 Carini-Potiguar Rift Epicentral area
and Jaguaribe fault
24 Pisco, Peru  Southwest Peru  2007/08/15 M, 80 >30to (Subduction zone; Within 150 km
<39  Pisco-Jurua fault?) (mostly along the
coast)
25 Mendoza West Central 1861/03/20 M~1 ~30  Cuyo rift basin Epicentral area
Argentina
26 Santiago Central Chile 1851/04/02 M 7.1 Unknown Central Valley At about 80 km,
Graben (Abanico toward the east-
Basin) southeast
27 Valdivia Central Chile 1960/05/22 M, 9.5 ~33  Arauco rift basin At about 75 km,
and/or Lanalhue toward the
fault northwest

Mag. and M, magnitude; m, body-wave magnitude; my,4, short-period body-wave magnitude; My, Local (Richter) magnitude;
my, Nuttli magnitude; M, surface-wave magnitude; M,,, moment magnitude; MMI, Modified Mercalli scale intensity.
Earthquakes listed in bold type are described in detail in the text; the & others are described in the electronic supplement.
*Earthquake does not appear on Figure 1.
**Also includes areas where subvertical faults not specifically assigned to a rift or graben were observed (e.g., transform and
strike-slip faults).
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Table 2

List of Earthquakes in Europe with Associated EQL Occurrences

Structures Spatially
Correlated with

Earthquake
Number Intraplate Earthquakes Associated with Luminosities (EQL) and/or EQL Earthquake Lights
Date Depth (Rift/Graben/ (Distance from
Name Area (yyyy/mm/dd) Mag. (max) (km) Subvertical fault**) epicenter)
1 Penzance Cornwall, UK 1996/11/10 M, 3.8 9.1 Plymouth Bay Basin Within 45 km, along a
(English Channel) east-west
orientation
2 Helston Cornwall, UK 1966/07/23 M,, 3.6 15 Plymouth Bay Basin Within 25 km, along a
(English Channel) east—west
orientation
3 Iclon Normandy, 1769/12/01  MSK VI-VII ~12 Pays de Bray fault  Within 45 km, toward
France (originating from the south-southeast
southeast
edge of English
Channel Basin)
4% Market Rasen Lincolnshire,  2008/02/27 M, 4.4 18.6 Southwest edge Within 60 km
UK of Humber
Basin (half-graben)
5 Roermond Netherlands 1992/04/13 M, 5.3 ~17 Lower Rhine Graben At ~70 km,
toward the north
6 Aachen (Aix) West 1755/12/271  MSK VI-VII  Unknown Lower Rhine Within about 145 km
Germany Graben
7 Diiren West 1756/02/18 MSK VIII Unknown Lower Rhine Within 125 km
Germany Graben
8 Karlsruhe- Southwest 1737/05/21 MSK V Unknown Upper Rhine Within 25 km
Rastatt Germany Graben
9 Giromagny Vosges, 1843/12/21 M, 3.9 Unknown Upper Rhine Within 75 km
France Graben
10 Remiremont Vosges, 1682/05/13 MSK VI ~13 North of Bresse Within 200 km,
France Graben toward the south
1" Ebingen Swabian 1911/11/16 M, 5.8 10 Hohenzollern and ~ Within a 110 km
(Wiirttemberg) Jura, Rhine grabens radius
Germany
12 Belley (Bugey) Jura- 1823/12/13  MSK V-VI  Unknown Bresse Graben At 20 km, toward the
Bressan, northwest
France (Bénonces)
13 St-Geniez d’Olt Vallée du Lot, 1876/12/19  MSK IV-V  Unknown South of Limagne Epicentral area
France Graben
14 Argeles- Central 2006/11/17 M,, 4.5 9 North Pyrenean At ~25 km, toward
Gazost Pyrenees, fault (paleorift) the north
France

M.,, macroseismic magnitude; M, surface-wave magnitude; MSK, Medvedev—-Sponheuer—Karnik scale intensity; M,,, moment
magnitude.
Earthquakes listed in bold type are described in detail in the text; the & others are described in the electronic supplement.
Note for Italy: not all reported EQL events are given here, but all the specific regions where EQL were observed are represented.

*Earthquake does not appear on Figure 2.

**Also includes areas where subvertical faults not specifically assigned to a rift or graben were observed (e.g., transform and
strike-slip faults).
(Continued next page.)
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Table 2 (continued)

List of Earthquakes in Europe with Associated EQL Occurrences

Structures Spatially
Correlated with

Earthquake
Number Intraplate Earthquakes Associated with Luminosities (EQL) and/or EQL Earthquake Lights
Date Depth (Rift/Graben/ (Distance from
Name Area (yyyy/mm/dd) Mag. (max) (km) Subvertical fault**) epicenter)
15 Bagnéres-de- Central 1873/11/26 MSK VI ~9 North Pyrenean Within ~30 km,
Bigorre Pyrenees, fault (paleorift) toward the north
France
16* Orihuela del ~ Eastern 1848/10/03 MSK VI-VII  Unknown Jiloca Graben Epicentral area
Tremedal Spain
17 Chamonix Haute- 1817/03/11 M, 4.8 Unknown Valaisan Rift Epicentral area
Savoie, (paleorift)
France
18 Sierre Valais 1946/01/25 M, 6.1 ~12 Valaisan Rift Within 90 km
Central, (paleorift)
Switzerland
19 Brig Valais 1755/12/09 M, 6.1 ~12 Valaisan Rift Within 90 km
Central, (paleorift)
Switzerland
20 Imperia Liguria, 1887/02/23 M, 6.29 10 to 17  Ligurian Basin (half- Within 90 km
northwest graben)
Italy
21 Reggiano North Central ~ 1832/03/13 M,, 5.59 Unknown La Spezia-Reggio Within 35 km
(Parma) Italy Emilia-Concordia
Line
22 Calestano North Central  1898/03/04 M, 5.07 Unknown La Spezia-Reggio Within 30 km
Italy Emilia-Concordia
Line
23 Bologna North Central 1779/06/04 to M, 4.97 Unknown  Subvertical normal  Mostly S and
Italy 1780/02/06 fault(?) southeast of
Bologna (many
epicenters)
24 Camerino Central Italy 1799/07/28 M,, 5.93 Unknown NE of the Colfiorito  Within 15 km, toward
Basin the N and north-
northeast
25 Camerino Central Italy 1873/03/12 M,, 5.88 Unknown NE of the Colfiorito ~ Within 20 km, toward
Basin the northwest and
east
26 L'Aquila Central Italy  2009/04/06 M, 6.3 ~9 Aterno River Basin  Within 45 km

(graben)

M.,, macroseismic magnitude; M, surface-wave magnitude; MSK, Medvedev-Sponheuer—Karnik scale intensity; M,,, moment

magnitude.

Earthquakes listed in bold type are described in detail in the text; the & others are described in the electronic supplement.
Note for Italy: not all reported EQL events are given here, but all the specific regions where EQL were observed are represented.

*Earthquake does not appear on Figure 2.

**Also includes areas where subvertical faults not specifically assigned to a rift or graben were observed (e.g., transform and

strike-slip faults).
(Continued next page.)

Seismological Research Letters Volume 85, Number 1

January/February 2014

163




Table 2 (continued)
List of Earthquakes in Europe with Associated EQL Occurrences
Structures Spatially
Correlated with
. . L Earthquake
Number Intraplate Earthquakes Associated with Luminosities (EQL) and/or EQL Earthquake Lights
Date Depth (Rift/Graben/ (Distance from
Name Area (yyyy/mm/dd) Mag. (max) (km) Subvertical fault*¥) epicenter)
27 Aquilano Central Italy 1461/11/27 M,, 6.46 Unknown Aterno River Basin  Within ~20 km,
(graben) along a northeast—
southwest
orientation
28 Molise South Central ~ 1805/07/26 M, 6.57 Unknown Bojano Basin Within a 80 km
(Isernia) Italy radius
29 Irpinia South Central ~ 1930/07/23 M, 6.72 ~15 Normal fault Within 90 km toward
Italy the west, northwest
and north
30 Ljubljana Slovenia 1895/04/14 M, 6.25 ~16 Gorenjska Basin Epicentral area
(graben)
31 Mor Northwest 1810/01/14 M, 5.2 ~1 Mér Graben Within 22 km
Hungary
32% Aigion Gulf of 1995/06/15 M, 6.4 ~10 Corinth Rift Within a 17 km
Corinth, radius
Greece
33* lerissos- Chalkidiki, 1932/09/26 M, 1.0 Unknown  Stratoni normal fault Epicentral area
Chalkidiki northeast
Greece
34* Agios North 1968/02/20 Mg 7.1 10 to 15  Skyros Basin Epicentral area
Efstratios Aegean Sea,
Greece
35* Vrancea Romania 1940/11/10 M, 1.7 133 Grabens and Within 225 km
subvertical faults
36* Vrancea Romania 1977/03/04 M, 7.4 94 Brasov Graben At 110 km (Brasov
area)
37* North Kattegat Kattegat Bay, 1759/12/22 M, 54-56 Unknown North Sea Basin At 200-250 km,
Denmark (south of Oslo toward the north and
Graben) south
38* Central Finland Finland 1931/11/16 M, 4.3 ~30 Possible failed rift ~ Within a 175 km
radius
M., macroseismic magnitude; M, surface-wave magnitude; MSK, Medvedev—-Sponheuer—Karnik scale intensity; M,,, moment
magnitude.
Earthquakes listed in bold type are described in detail in the text; the & others are described in the electronic supplement.
Note for Italy: not all reported EQL events are given here, but all the specific regions where EQL were observed are represented.
*Earthquake does not appear on Figure 2.
**Also includes areas where subvertical faults not specifically assigned to a rift or graben were observed (e.g., transform and
strike-slip faults).

than two observed earthquake/EQL events were described.
This paper presents a list of 65 American and European carth-

quakes associated with reliable EQL reports (Tables 1 and 2;

Figs. 1 and 2), along with detailed descriptions of 5 of these

events. Descriptions ® of the other 60 events are provided in

North America
Saguenay Earthquake—1988 November 25, 18h46

DESCRIPTIONS OF EARTHQUAKES ASSOCIATED
WITH LUMINOSITIES

From November 23, 1988, until the end of January, 1989, the

the electronic supplement to this paper. Note that all times
Saguenay region experienced a total of 67 earthquakes (M > 0).

cited in the text are given in local time (LT).
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A relatively strong 2,1, 4.8 foreshock occurred on November
23 at 04h12. Two days later, at 18h46 LT, more than two hours
after sunset, the 6.5 m7, (5.9 m,) mainshock caused strong
shaking near the epicenter and was felt over much of north-
castern North America. The hypocenter of this event was at a
depth of 29 km in an arca with no known previous seismic
activity. The epicenter was located about 15 km (Du Berger ¢z 4/,
1991) to the southwest of the south wall of the Saguenay
Graben, a west-southwest—east-southeast oriented 50 km wide
by 200 km long aborted rift structure that is oriented
perpendicular to the genetically related St. Lawrence Rift system
further to the east (Figs. 1 and 3; North ez al, 1989; Du Berger
et al., 1991; Roy et al., 1993; Thériault ez al,, 2005). Both of
these rifts were formed during the break-up of the superconti-
nent Rodinia and the ensuing opening of the Iapetus Ocean
during the Late Proterozoic to Early Cambrian (Thomas,
2006). The earthquake occurred within the northern end of the
Jacques Cartier Tectonic Block, a horst structure that is bounded
to the north by the Saguenay Graben, to the west by the Saint-
Maurice Lineament and to the southeast by the St. Lawrence
Rift system (Du Berger et al, 1991; Roy et al., 1993). Based
on radar images, the south wall of the graben is poorly defined
from the area of the epicenter toward the east up to the St. Law-
rence Rift, as it becomes segmented into several subparallel linea-
ments (Fig. 3; Roy et al, 1993). Figure 3 shows the general area
of the Saguenay Graben, along with the location of the seismic
events of November 1988 to January 1989 and the observed
EQL. Most of the luminous phenomena were seen either along
the north and south margin of the Saguenay Graben, or near
southwest—northeast oriented faults that transect the Saguenay
Graben in the area of Chicoutimi, Jonquicre, and Laterricre.
Some of these faults are injected by lamprophyre dykes (Gittins
et al., 1975; Perron, 1990), suggesting subvertical, deeply pen-
etrating structures.

A total of 46 luminous phenomena reports, including 8
scen before the seismic sequence, were compiled by Ouellet
in January 1989 (Ouellet, 1990). Most were sighted within
125 km of the epicenter, between the north and south bound-
ing faults of the Saguenay Graben (Fig. 3). Three other cases
were reported from around the city of Québec, located 150 km
to the south of the epicenter and along the St. Lawrence Rift,
while two EQL sightings came from the Beauce region, about
225 km to the south of the epicenter. The November 23 fore-
shock was associated with an atmospheric illumination, with
most witnesses reporting a loud explosion-like sound coincid-
ing with the illumination just before the start of the shaking
(St-Laurent, 2000). Much further to the southwest, in
northern Pennsylvania near the village of Goshen, located over
950 km from the epicenter; five people witnessed a brilliant
light to the cast at approximately 18h50 on November 25,
about at the same time as the seismic waves of the mainshock
arrived at this location. It is noteworthy to mention that
Goshen is located along the southeast margin of the Rome
Trough, a major Cambrian graben structure that extends for
over 800 km toward the St. Lawrence Rift (Fig. 1). Other types

of phenomena were also reported in association with the Sa-
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guenay earthquake. For example, at Chicoutimi, located about
30 km northeast of the epicenter, distinct radio interferences
were noticed on an ordinary houschold radio a few days and
hours before the mainshock (St-Laurent, 2000).

New Madyid Earthquake, 1811 December 16, 02h15

A series of powerful carthquakes struck the mid-Mississippi
River Valley over a 3-month period between December 1811
and February 1812. The general epicentral area was located near
the city of New Madrid. The sequence included at least 18 carth-
quakes having a moment magnitude ranging between 5.8 and
8.0 (Johnston and Schweig, 1996). These earthquakes occurred
within the broad New Madrid seismic zone, which extends for
approximately 250 km along a southwest—northeast direction
(Fig. 1). This zone, the seismically most active area of the United
States east of the Rocky Mountains, is located along the
northern part of the Mississippi River Valley graben, which
is part of the Reelfoot Rift. This Late Proterozoic to carly
Cambrian failed intracontinental rift dates back to the breakup
of the supercontinent Rodinia (Thomas, 1991; Csontos ez 4.,
2008). About 100 km to the northeast of New Madrid, the rift
subdivides into 3 scparate arms, which are the St. Louis arm
(oriented northwest—southeast), the Southern Indiana arm
(oriented northeast—southwest, i.c., along the northeast exten-
sion of the Reelfoot Rift), and the Rough Creck Graben (ori-
ented east—west; Braile ez 4/, 1982).

Several EQL were documented in relation with the New
Madrid earthquake series. Some luminosities were observed
near the epicentral area, while others were seen much further
away, for example (Fuller, 1912; Corliss, 2001):

e Prior to the shock of 8 February 1812 in Livingston
County, Kentucky (115 km to the northeast).

e In St. Louis, Missouri (235 km to the north-northwest),
near the St. Louis arm of the Reelfoot Rift (Braile
et al., 1982).

o Following the first shock of 16 December 1811in Bards-
town, Kentucky (365 km to the east-northeast), within the
Rough Creek Graben.

o Following the first shock, in Knoxville, Tennessee
(500 km to the east).

o Following the first shock, in Hot Springs, North Carolina
(600 km to the east), along the northwest margin of the
Blue Ridge rift (Hough, 2000).

South America
Pisco, Peru Earthquake, 2007 August 15, 18h41

The M, 8.0 Pisco, Peru earthquake (also known as the Ica
carthquake) occurred 25 km offshore in the Pacific, about 60 km
to the northwest of the coastal city of Pisco and 150 km to the
south-southeast of Lima (EERI, 2007). Two rupture events were
associated with this earthquake, the first near the location of the
reported epicenter, and the second (60 seconds later) about
60 km to the south and just west of the Paracas Peninsula (Sla-
den et al., 2010). The seismic event is seemingly related to the
subduction of the Nazca plate under the South American plate.
The location of the second rupture event coincides more or less
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A Figure 1. (a) Map of central North America showing the location of the main earthquakes associated with earthquake lights (EQL),
major Phanerozoic tectonic features (faults, rifts, grabens) and Cambrian mafic magmatic rocks. List of Cambrian-aged grabens: SG,
Saguenay Graben; 0BG, Ottawa-Bonnechere Graben; RT, Rome Trough; RCG, Rough Creek Graben; RR, Reelfoot Rift; BT, Birmingham
Trough; SOA, Southern Oklahoma Aulacogen; NMA, New Mexico Aulacogen. The assigned earthquake numbers are taken from Table 1.
Inset shows the location of Figure 3, Saguenay earthquake area. Location of Cambrian grabens and mafic magmatic rocks after Thériault
(2007); location of Cambrian rifts and transforms after Thomas (2006); location of other faults after Globensky (1987), Hildenbrand and
Hendricks (1995), Bothner and Hussey Il (1999), Ickert (2006), Thomas (2006), Miall et al. (2008), Landing et al. (2009), and USGS (2013).
(b) Map of northwestern North America showing the location of the Cross Sound earthquake (Alaska, U.S.A.) and accompanied EQL in the
Tagish Lake area (Yukon, Canada). Location of faults after Haeussler and Plafker (1995), Palfy and Hart (1995), and Buffett et al. (2006).
(c) Map of South America showing the location of the main earthquakes associated with EQL. Location of faults after Szatmari (1983),
CPRM (2004), Ramos et al. (2004), Peulvast et al. (2006), Yuan et al. (2006), Audemard (2007), Fairhead and Chaker Raddadi (2007), Terrier
and Bes-de-Berc (2007), Melnick et al. (2009), and IPGP (2012).
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with the southwestern termination of the Pisco-Jurud fault, a
southwest—northeast oriented, 3000 km long intraplate struc-
ture that extends from the Paracas Peninsula to castern Guyana,
near the Atlantic coast. This continental scale structure is inter-
preted to have acted as a normal fault in the early Paleozoic, and
to have been later reactivated as a sinistral strike-slip fault during
rifting of the Atlantic in the Mesozoic (Szatmari, 1983; James,
2007). Furthermore, the earthquake is located about 100 km to
the northwest of the termination of the Nazca Ridge, which is
interpreted to represent the trace of the Easter hotspot, located
several thousand kilometers to the west in the Pacific (Schissel
and Smail, 2001; Smith, 2007). Note that the Nazca Ridge
is located more or less along the trend of the Pisco-Jurud fault
(Fig. 1).

During the Pisco, Peru earthquake, a large number of lu-
minous phenomena were witnessed by people along the Pacific
coast, from Ica to Lima, respectively, about 100 km to the
southeast and 150 km to the north-northwest of the epicenter

Seismological Research Letters Volume 85, Number 1

(Ocola and Torres, 2007). Heraud and Lira (2011) report
more specifically on coseismic luminescence observed in the
Lima area, including records of security cameras operating
(i) in a mall overlooking the shoreline and (ii) on the campus
of the Pontificia Universidad Catélica del Pera (PUCP),
as well as eyewitness reports considered to be of high quality.
Together with seismic records obtained on the PUCP campus,
the automatic security camera records allow for an exact timing
of light flashes that illuminated a large portion of the night sky.
The light flashes identified as EQL coincided with the passage
of the S waves. The video records and eyewitness reports pro-
vided the exact location of the EQL. For example, as described
by Heraud and Lira (2011), a navy officer on the pier on San
Lorenzo Island, while looking toward the coast of Lima, saw
light blue columns of light bursting four times in succession
seemingly out of the water between the El Fronton Island and
the coast (Fig. 4). The exact location from where the EQL were
emitted between the El Fronton Island and the coast was a
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A Figure 3. Map of the Saguenay-Lake St. Jean area showing the location of the earthquakes and associated earthquake lights (EQL) that
occurred within or in proximity to the Saguenay Graben during the seismic sequence of November 1988 to January 1989. The 1979 Saint-
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Lawrence Rift; CIS, Charlevoix Impact Structure. Location of faults after Roy et al. (1993), Hébert and van Breeman (2004), Hébert et al.
(2005), and SIGEOM (2013); location of EQL after St-Laurent (2000); location of earthquakes after Wetmiller et al. (1981), and NRCAN (2013).

cluster of rocky islets sticking out of the shallow water. Other
luminous phenomena associated with the Pisco earthquake
were reported by Ocola and Torres (2007), some near Lima,
but most of them closer to the epicenter, in the Pisco region.

Europe
Ebingen, Germany Earthquake—1911 November 16, 22h25

The M, 5.8 Ebingen earthquake, also called the Wiirttemberg
carthquake, occurred on the western outskirts of Ebingen in
the Swabian Jura of Germany (ECOS, 2013). The earthquake
took place approximately 8 km to the southwest of the Hohen-
zollern Graben, a 2 km wide by 30 km long, southeast—northwest
oriented rift structure that is located approximately 80 km to
the east of the Upper Rhine Graben (Figs. 2 and 5). This region
is characterized by the presence of abundant alkalic volcanic
rocks, which are exposed at the Kaiserstuhl, Hegau, and Urach
volcanic fields (Fig. 5). Tertiary volcanic activity is interpreted
as being related to rifting of the Rhine Graben system (Keller,
1985). The area in the vicinity of the Hohenzollern Graben is
seismically active, as indicated by > 25 seismic events of mag-
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nitude greater than 4.0 having occurred in this region since
about 1850 (Baumann, 1984).

Originally, a total of 110 light sightings were reported for
the Ebingen ecarthquake (De Ballore, 1913). Of those, 43 ob-
servations were described by von Schmidt and Mack (1912). As
shown in Figure 5, EQL were observed as far as 110 km from
the epicenter, and appear to have had a tendency to occur along
the castern margin of the Upper Rhine Graben and in the
vicinity of the Hohenzollern Graben. Several light sightings
were also reported from the margins of the Tertiary volcanic
fields. One of the most detailed EQL observations was made
near Ebingen, in which two people, after hearing a distant
noise accompanied by a faint vibration, saw a bright flash emit-
ted from the ground, which then, at a considerable height,
turned into a ball of light and eventually divided itself like
lightning in the direction of Ebingen (Fig. 6). The tremors
began with the appearance of the ball of light. After the seismic
waves had rolled past, toward the town, the two witnesses ob-
served a second sphere of light, while the entire surroundings
were brightly illuminated (von Schmidt and Mack, 1912).
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A Figure 4. Computer recreation of earthquake lights (EQL) ob-
served from San Lorenzo Island, off the coast of Lima. The witness
was located by the pier, about 10 km to the northwest of the EQL.
The rising column of white and blue light appeared to be “coming
out of” small rocky islets. Modified from Heraud and Lira (2011),
their figure 4 (© used with permission).

L’Aquila, Italy Earthquake—2009 April 06, 03h32

The M, 6.3 L’ Aquila earthquake occurred approximately 5 km
to the southwest of the city center of L’Aquila, near the
southwestern edge of the Aterno River Basin. It was followed
by two major aftershocks one day (April 7; M, 5.6) and 3 days
(April 9; M, 5.4) after the mainshock, respectively. Surface
faulting took place along the southwest dipping, northwest—
southeast trending Paganica normal fault (EMERGEO Work-
ing Group, 2010). The general area surrounding L’Aquila is
transected by several northwest—southeast oriented normal
faults that form a series of grabens and half-grabens spread over
a width of about 40 km (Fig. 7; Fidani, 2010). These normal
faults occur within the Central Apennines mountain chain,
which has been undergoing crustal extension in the recent geo-
logical past (D’Agostino et al., 2008).

EQL were seen up to 45 km from L’Aquila (Fig. 7). As
reported by Fidani (2010), among 1057 reported anomalies of
various types associated with the L’Aquila earthquake, 241 were
classified as anomalous atmospheric luminosities. Of these,
136 conform to the EQL classification by Montandon (1948),
which does not take into account luminous clouds, vapor, and
streamers. As with the seismicity pattern (Pondrelli ez al,
2010), some anomalous luminous phenomena were reported
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A Figure 6. Sketch showing a luminous phenomenon observed at
the time of the Ebingen earthquake. The EQL started with a bright
flash from the ground, which turned into a large luminous sphere at
a certain height that lasted a few seconds before dividing itself into
lightning-like sparks. Taken from von Schmidt and Mack (1912).

months before the April 6 mainshock. Marked seismicity
started around March, as did the majority of EQL sightings
(Fidani, 2010). Most of the EQL were seen along or close
to the numerous northwest—southeast oriented normal faults
present in the epicentral area.

The general area surrounding L’Aquila was the site of
two historic earthquakes for which associated EQL were also
witnessed. These earthquakes occurred on 2 February 1703
(M, 6.65) and on 28 June 1898 (M, 5.48; Galli, 1910).

Asia

Due in part to restrictions regarding the length of the paper,
carthquakes with associated luminosities from seismically active
regions in the Asian continent were not included in this paper.
However, using preliminary data, we have noted that out of
seven identified events in China, a total of five EQL sightings
(Geotimes, 1977; Huang and Deng, 1979; Wallace and Teng,
1980; King, 1983) were associated with earthquakes occurring
in intraplate rift environments, namely: (1) the M, 7.2 Xing-
tai 1966 and M 7.8 Tangshan 1976 earthquakes of the North
China Rift (Replumaz and Tapponnier, 2003; Liu ez /., 2011);
(2) the M 6-7 Qishan BC780 and M 6.75 Pinglu 1815 earth-
quakes of the Shanxi Graben System (Huang and Deng, 1979;
Liu ef al., 2011); and (3) the M 7.5 Longling 1976 earthquake
of the Tengchong Rift (Socquet and Pubellier, 2005). To a
lesser extent, the occurrence of EQL in association with a rift
setting was also identified in the course of our research from
other parts of Asia. For example, in India, the well-reported
M 7.8 Rann of Kachchh 1819 carthquake, which was accom-
panied by EQL, occurred within the Kachchh Rift Zone (Mac-
murdo, 1821; Jain ef 4/, 2002). Similarly, in Japan, we have
identified a few earthquakes associated with EQL that occurred
within a rift environment, for example, the M 8.1 Nankaido
1946 ecarthquake of the Kyushu Rift Valley (Yasui, 1973;
Huang and Deng, 1979; Okubo ez al., 2006) and the M 5.1
(maximum magnitude) Matsushiro 1965-1966 earthquake
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A Figure 7. Map of the western part of the Abruzzo region of Italy,
in the vicinity of L'Aquila, showing the location of various types of
earthquake lights (EQL) observed prior to and during the L'Aquila
earthquake of April 2009. Black symbols and single line ellipse: EQL
during the seismic sequence (i.e., March foreshocks, April main-
shock and the aftershocks series); white symbols and double line
ellipse: EQL before the March 30th foreshocks. Active normal faults
discussed in the text: MMF, Mount Marino fault; PEF, Pettino fault;
BF, Bazzano fault; PAF, Paganica fault. Modified after Fidani (2010).
Fault location from Vezzani and Ghisetti (1998), Fidani (2010), and
EMERGEO Working Group (2010).

swarm of the Nagano Basin (Yasui, 1971; Derr, 1977; Tsu-
neishi, 1978). Furthermore, the M 7.2 Hyogo-ken Nanbu
(Kobe) 1995 earthquake, where a total of 25 eyewitness reports
of EQL were documented (Tsukuda, 1997; Kamogawa et 4/,
2005), was associated with an important system of subvertical
faults, with the main fault undergoing dextral strike-slip dis-
placement over a length of 30-50 km (Somerville, 1995).

DISCUSSION

Data Synthesis
Magnitude of Earthquakes Associated with Luminosities

As can be seen from Tables 1 and 2, which list the main earth-
quakes associated with luminosities compiled respectively from
the Americas and Europe, EQL are generated in association
with earthquakes over a wide range of magnitude from 3.6
to 9.5. It can hence be concluded that EQL may occur regard-
less of the earthquake magnitude, although the majority of the
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listed cases (i.c., 80%) were observed for events with magni-
tudes greater than 5.0.

As already noted by Hedervari and Noszticzius (1985), our
compilation also indicates that the maximum distance at which
EQL are observed tends to increase with the magnitude of the
event. For example, EQL have been reported for distances up to
600 km from the epicenter in the case of the New Madrid earth-
quake, which had a magnitude of about 8 (Table 1).

Timing of EQL Relative to Associated Earthquakes

A characteristic feature of seismic luminosities (and other
carthquake-associated phenomena) is the observation that
most EQL are seen before and/or during an earthquake, but
rarely after the release and dissipation of the seismic-stress en-
ergy in the crust. This strongly suggests that the processes
responsible for EQL formation are related to a rapid build-
up of stress prior to fault rupture and rapid stress changes dur-
ing the actual fault movement.

Based on our compilation, most pre-earthquake luminos-
ities have been observed from a few seconds to up to 3—4 weeks
prior to scismic events, such as the Saguenay carthquake (St-
Laurent, 2000). The duration of EQL varies from less than a
second to several minutes. They vary in shape and extent, the
most frequent occurrences being globular luminous masses, sta-
tionary in the air or moving, Light emission during the time of
seismic activity, termed coseismic luminosity, is most frequently
observed as either short flashes of light shooting high up into
the air, diffuse but relatively bright atmospheric illuminations
that last from seconds to a few minutes, or flame-like luminos-
ities coming out of the ground.

Distance between EQL and Earthquake Epicenter

At rare occasions, EQL have been seen as far as 600 km from
any given epicenter, as our compiled list of earthquakes shows
(e.g» New Madrid earthquake, Table 1). More typically, EQL
have been observed at distances not more than about 300 km
from an epicenter. Pre-earthquake luminosities were generally
seen closer to the epicenter relative to coscismic luminosities, a
few at 200 km but the majority of them occurring at 150 km
or less.

It is important to note that when EQL were seen far away
from the epicenter, as some reports for the New Madrid earth-
quake suggest, they seem to be always time correlated with the
passing of the seismic waves. The most definite evidence comes
from Lima, Peru, in which the passage of the seismic wavetrain
associated with the 2007 M, 8.0 Pisco earthquake (coming
from a distance of 150 km) was recorded by a seismometer
on the PUCP university campus, while the EQL were recorded
simultaneously by automated surveillance cameras (Heraud
and Lira, 2011). In this case, it was clear that the outbursts
of light did not occur during the passage of the compressional
(P) waves but during the passage of the shear (§) waves. This
implies a direct coupling between the crustal rocks and the very
rapid, high-amplitude change in shear stress caused by the §
wavetrains (Gharibi ez 4/, 2003).
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The dynamic nature of this process is supported by the
successive appearance of EQL at an increasing distance away
from the epicenter as reported for the New Madrid earthquake.
This mechanism is additionally supported by direct observa-
tions of the instant generation of an electric field in an under-
ground laboratory in Japan during the arrival of the § waves
from a moderate M 4.6 carthquake, which occurred 75 km
away (Takeuchi ez al., 2010).

Frequency of Intraplate Versus Interplate Earthquakes Associated
with Luminosities

More than 95% of the world’s carthquakes are interplate carth-
quakes occurring along active plate boundaries. The three
most seismically active interplate regions are: (1) the circum-
Pacific belt (90% of all earthquakes), termed the “Ring of Fire”;
(2) the Alpide belt (5%-6% of all earthquakes), termed
Alpine-Himalayan belt, which stretches from the Mediterra-
nean region eastward through Turkey, Iran, Pakistan, northern
India, Indochina to Sumatra; and (3) the Mid-Ocean ridges,
circling the globe (USGS, 2013). Hence, less than 5% of the
world’s earthquakes occur in intraplate tectonic settings, but
they are the ones for which most EQL are reported. A model
is presented below that explains this dichotomy. Although
carthquakes that occur in interplate tectonic settings (subduc-
tion zones) can occasionally generate EQL, the latter are
most often seen along subvertical, normal, or strike-slip faults
located at a fair distance (280 km) from the epicenter and
associated subduction zones, where they are often related to
a paleorift.

A recent worldwide survey of the seismicity in intraplate
regions revealed that 64% of the earthquakes in these seemingly
stable continental tectonic environments were associated with
failed rift basins or grabens (Gangopadhyay and Talwani,
2003). Intracontinental rifts and grabens are characterized by
subvertical crustal faults that generally extend downward to
depths of up to at least 40—50 km, that is, down to the Moho,
which marks the boundary between the crust and the upper
mantle. In our study, we included in a similar category not only
carthquakes associated with old failed rifts and grabens located
in tectonically stable intraplate environments, but also earth-
quakes that were associated with clearly identifiable paleorifts
along the margins of presently active or recently active orogenic
belts such as the Andes, Pyrenees, and the Alpine-Himalayan
belt. In the latter tectonic settings, the steeply dipping and
deeply penetrating crustal faults associated with paleorifts
are typically reactivated into strike-slip faults, less commonly
into reverse faults.

Based on our compilation of 65 earthquakes in the Amer-
icas and Europe, which were associated with well-documented
EQL, a total of 37 earthquakes and/or their associated lumi-
nosities occurred in or near an intraplate rift or graben, 19
occurred in or near a back-arc or pull-apart rift (or paleorift)
structure within an orogenic system, 7/ occurred in or near a
transform or strike-slip fault, and only 2 occurred within an
orogenic system with no recognized, rift-related structures.

Hence, 56 out of the total of 65 (85%) of the investigated
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earthquakes produced luminosities along a rift or paleorift
structure. Furthermore, 63 out of the 65 (97%) occurred at
or adjacent to regional subvertical faults (e.g., a rift, graben,
or strike-slip or transform fault). The remaining 2 earthquakes
that produced luminosities were associated with shallow-dip-
ping thrust faults in subduction zone settings (Table 3).
From a compilation of 30 cases of luminous phenomena
associated with earthquakes in the East Mediterranean dating
from the 5th century B.C. to the recent past, Papadopoulos
(1999) also noted a clear prevalence of cases associated with
normal and strike-slip faulting environments. In his compila-
tion, Papadopoulos (1999) mentions that luminosities were
reported for about 5%-6% of all major earthquakes. This num-
ber agrees very well with what was previously reported by De
Ballore (1913) and with what was evaluated from the work of
Mallet (1855) for similar regional EQL studies. If one considers
that EQL will be hardly visible during daytime, and hence un-
observable and unreported, it can then be argued that, because
EQL certainly also occur during daytime, the 5%-6% number
may well translate to about 10% of all such earthquakes. This
percentage represents a lower limit considering that many EQL
observed are never reported and published in the scientific
literature, or are interpreted as “unidentified flying objects

(UFOs)” (e.g. Persinger and Derr, 1984).

Model for the Generation of Earth Currents and EQL

Our preferred model for the generation and propagation of
earth currents and ensuing EQL formation is based on work
by Freund ez al (1994, 2006, 2007, 2009), Freund (2002,
2007, 2010), and Freund and Pilorz (2012) that describes
experiments  stressing igneous rocks (quartz-bearing and
quartz-free), limestone, marble, and others. These experiments
demonstrate that electronic charge carriers are activated in the
high-grade metamorphic and igneous rocks (in particular mafic
and ultramafic rocks) when subjected to deviatoric stresses,
turning them into semiconductors. The charge carriers derive
from pre-existing defects in the matrix of the minerals, electri-
cally inactive in their dormant state as peroxy bonds or links
(ie, O3Si/O0\SiO;),and are introduced into the matrix
of minerals during cooling at high temperatures when two oxy-
gen anions convert from their normal valence state 2— to the

Table 3
Number of Earthquakes with Accompanying EQL for
Different Tectonic Settings

Tectonic Setting Americas Europe TOTAL

Intraplate rift or graben 17 20 37 (57%)
Back-arc or pull-apart rift 2 17 19 (29%)
(or paleorift) structure within

an orogenic zone

Transform or strike-slip fault 6 1 7 (11%)
Orogenic zone 2 0* 2 (3%)

*Two cases in Romania (Vrancea) where the EQL are both
within an orogenic zone and a rift.
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valence state 1—, that is, O*~ to O~. When subjected to stress,
mineral grains slide along grain boundaries or dislocations
sweep through, causing peroxy links to break. The O states
thus formed represent defect electrons in the oxygen anion
sublattice, which turn into highly mobile electronic charge car-
riers, referred to as positive holes or pholes. These previously
unrecognized charge carriers have the remarkable ability to
flow out of the stressed rock volume and to move away from
where they have been generated.

Invariably, several types of pholes are generated during
stressing of rocks, characterized by different lifetimes ranging
from less than a second to longer than days. As the long-lived
pholes diffuse outward, they can reach the Earth’s surface.
There, they form surface/subsurface charge layers, which cause
locally high electric fields, often strong enough to ionize the air
and even trigger corona discharges. The corona discharges are
associated with the emission of visible light close to the ground
and with the formation of ozone.

There is yet another aspect of the same basic process of
stress activation of pholes: the highest charge carrier densities
can be achieved if stresses increase so rapidly that even short-
lived pholes do not have the time to recombine. This implies
that, if tectonic stresses deep in the Earth’s crust increase very
rapidly in any given rock volume, the number densities of
pholes can reach a critical value beyond which the electronic
wave functions of both the pholes and the coactivated clectrons
begin to overlap. This is expected to create a plasma-like state,
that is, a volume of rock with a very high mobile-charge density
and high conductivity. It has been suggested (St-Laurent ez al.,
2006) that, inside the Earth’s crust, this plasma state will be-
come unstable and will rapidly expand outward. When such an
intense charge state reaches the Earth’s surface and crosses the
ground-air interface, it is expected to cause a dielectric break-
down of the air and, hence, an outburst of light. This process is
suspected to be responsible for flashes of light coming out of
the ground and expanding to considerable heights at the time
when seismic waves from a large earthquake pass by. Those
waves, especially § waves, subject the rocks to very rapid shear
forces, causing mineral grains to move relative to each other,
possibly even generating dislocation movements within the
grains. This activates peroxy defects and creates the capability
to momentarily generate high concentrations of pholes (Her-
aud and Lira, 2011). Igneous rocks, in particular mafic igneous
rocks, have much higher concentrations of pre-existing peroxy
defects than sedimentary rocks. Hence, the processes that seem
to be responsible for the generation of EQL can be expected
to occur preferentially in those rocks, providing a possible
explanation for the often reported close association of EQL
with mafic dikes and intrusions (e.g., Saguenay, Ebingen, and
Pisco Peru earthquakes).

The positive hole theory can account not only for EQL but
also for other pre-carthquake phenomena, such as:

1. Air ionization at the ground-to-air interface.

2. Changes in the electrical conductivity of the soil.

3. Geo-electric and geomagnetic anomalies in the Earth’s
crust.
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4. Tonospheric perturbations.

5. Ultralow and extremely low frequency (ULF/ELF) and
radio frequency (RF) emissions.

6. Anomalous infrared emissions from around a future epi-
central area.

7. Anomalous fog/haze/cloud formation and unusual animal

behavior (Derr e al., 2011).

Tectonic Model

As mentioned previously, our compilation of earthquakes as-
sociated with EQL for the Americas and Europe show that
a high proportion of the documented EQL are spatially asso-
ciated with deeply penetrating and steeply dipping crustal
faults, and that these structures are often located a significant
distance away from the associated epicenter (e.g., 80 km or
more). The EQL events occur not only coseismically but are
spread in time over periods of days, weeks, and sometime
months before and after given earthquakes. This suggests that
the processes responsible for the generation of EQL either cause
rock volumes of different composition along the same tectonic
structures to separately undergo rapid stressing ahead of an im-
peding earthquake, or may involve the focusing of pholes, stress
activated in a larger volume, into rocks with inherently higher
electrical conductivity. Such a focused flow of electronic
charges may explain the observed luminous discharges at the
ground/air interface in close proximity to deeply penetrating
subvertical faults typical of many rift structures.

Figure 8 shows a simplified tectonic model explaining the
occurrence of EQL within an intraplate rift or graben setting,
in this case pertaining to the Saguenay earthquake. Stress-
induced charge carriers are interpreted as having been gener-
ated prior to and during the earthquake series. According to
our model, pholes and electrons are coactivated when, due to
strain acting on a given rock volume at a constant rate, the
stresses will increase exponentially (Freund and Sornette,
2007). In this simplified scenario, probably applicable to the
depth of the Saguenay hypocentre, the positive holes would
propagate outward from the stressed source volume, flowing
through the p-type upper crust and toward the surface, whereas
electrons might migrate downward within the n-type lower
crust (Freund, 2007; Balk ez al., 2009). Assuming a plasma-like
state, instability can develop, causing the plasma to “explode”
through the surface, leading to a visible light flash. The lumi-
nous discharge into the air could also be favored at sites with
high topographic relief; if the conditions below the surface are
conducive to the formation of plasma instability. Note that
enhanced electric fields associated with luminescence have for
a long time been observed at elevated areas and/or around or
above pointed objects (Knoche, 1912; Montandon, 1948;
Robson, 1955; Markson and Nelson, 1970; Derr, 1973; Yasui,
1973; St-Laurent, 1991, 2000).

Figure 9 illustrates a tectonic model where EQL are con-
sidered to occur within an Andean-type, interplate orogenic
setting (i.e., subduction zone environment). As explained in
the model for the rift setting, stress-induced charges may be
generated prior to and/or during an earthquake, with the
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A Figure 8. Simplified model of phole propagation within an intra-
plate rift setting pertaining to the Saguenay Graben, Quebec, Can-
ada. The vertical scale (topographic relief) is exaggerated for
clarity. +, positive holes; &, electrons. See text for explanation.

source area being usually located either within or adjacent to
a subduction zone (region A), or more inland within a back-arc
rift, paleorift, or graben (region B). These charges, while propa-
gating away from the hypocenter, will be subjected to scattering
and/or focusing along their path and, eventually, will reach the
surface predominantly in areas of high topographic relief or
adjacent to subvertical faults. In these areas, the charge carrier
densities will be highest, leading to ionization of the air and
generation of luminosities. Note that stress-induced charges
may propagate over long distances from a subduction zone set-
ting to inland rift settings and lead to EQL, possibly without
the need for a localized source of rapidly increasing stress in the
latter area. One example of this setting is the Santiago earth-

L.~ Stress-induced current
({betare and/or during earthquaks)

= | Enhanced electric field at hiah / Subvertical fault
Z| topographic paints {narmal or strike-slip)

Earthquake lights (EQL)

A Figure 9. Simplified model of phole propagation within an in-
terplate, orogenic tectonic setting in a subduction zone environ-
ment (i.e., Andean-type). The vertical scale (topographic relief) is
exaggerated for clarity. +, positive holes; €, electrons. See text for
explanation.
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quake of 1851, where the epicenter was located in the general
area of the subduction zone near the Pacific coast, whereas the
EQL were observed about 100 km inland within the Central
Valley Graben paleorift structure (see ® electronic supple-
ment). The recent devastating M 9.0 Tohoku earthquake of
March 2011 (Honshu, Japan) resulted from thrust faulting
along a subduction zone (USGS, 2013). The fact that no as-
sociated luminosities from the surrounding area have come to
our attention yet seems to be in accordance with our results.
One could argue that, because it was a daytime carthquake (i.c.,
14h46 local time), light observations would have been difficult
to note. However, considering the strength of this earthquake,
precursor luminous phenomena should, at least, have been ob-
served during the previous night or nights, as was often the case
for large intraplate earthquakes discussed previously. Based on
our model, we believe that visible electrical discharges probably
did not take place because the active fault related to the
Tohoku earthquake was a shallow-dipping thrust fault and, im-
portantly, this very large earthquake occurred 130 km offshore
under about 1500 m of ocean water, hence without direct con-
nection to the atmosphere. If our tectonic model is correct,
potential areas where corona discharges or other disruptive dis-
charge phenomena could preferendially take place along the
Japanese coast would be in association with regional subvertical
faules and/or islets protruding from the sea, similar to those
from which EQL were seen during the M 8.0 Pisco, Peru earth-
quake of 2007 (Heraud and Lira, 2011).

CONCLUSIONS

Earthquake lights may be classified into two different groups
based on their time of appearance: (1) preseismic EQL, which
generally occur a few seconds to up to a few weeks prior to an
carthquake, and are generally observed closer to the epicenter
and (2) coseismic EQL, which can occur either near the epi-
center (“earthquake-induced stress”), or at significant distances
away from the epicenter during the passage of the seismic wave-
train, in particular during the passage of § waves (“wave-
induced stress”). EQL during the lower magnitude aftershock
series seem to be rare. It is also worth mentioning that lumi-
nous phenomena with the same characteristics as EQL have
been documented from areas where no temporally associated
earthquake could be identified (e.g., Derr and Persinger, 1990).
The process responsible for the generation of such luminosities
has been explained in terms of the so-called “tectonic strain
theory” (Persinger, 1983; Persinger and Derr, 1984). Within
the framework of the work presented here, such observations
are consistent with the fact that not every stress build-up in the
Earth’s crust will be followed by catastrophic rock rupture lead-
ing to an carthquake. We suggest that this broader category of
luminous phenomena be referred as tectonic stress lights.
When studied individually, some EQL reports may appear
questionable. However, a large number of eyewitness reports
from certain areas (e.g., Saguenay, Pisco, L’Aquila), coupled
with similarities with respect to shapes and colors (e.g., globes,
flame-like luminosities) for incidences in very different
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regions of the world should be taken as evidence that EQL oc-
currences are real and a widespread phenomenon. A unifying
theory explaining the origin of different types of nonseismic,
pre-carthquake signals (including EQL) has recently been pro-
posed, which is based on the generation of stress-activated
electric currents in rocks (Freund, 2010). Mobile charge car-
riers, termed positive holes or pholes, flow along stress gra-
dients and eventually accumulate at the surface, ionizing air
molecules and leading to the generation of luminosities, among
other phenomena.

Our study has shown that the vast majority of EQL (i.c.,
97%) have been observed in the following three tectonic envi-
ronments: (1) intraplate rifts or grabens; (2) back-arc or pull-
apart rifts or grabens (or paleorifts) located inland from subduc-
tion zones (orogenic settings); and (3) strike-slip or transform
faults, irrespective of the tectonic setting. The common char-
acteristic of these three geological settings appears to be the
presence of deeply penetrating subvertical faults, which exact
role, passive or active, in phole propagation and EQL formation

has yet to be resolved. B4
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Electronic supplement to
Prevalence of earthquake lights associated with tienvironments.

by Robert Thériault, France St-Laurent, FriedemannT. Freund and John S. Derr

INTRODUCTION

This supplement includes a complete descriptio®0odf the 65 earthquakes associated with
luminosities that are listed in tables 1 and 2 ladted in figures 1 and 2 of the article. A more
detailed description of earthquake lights (EQLAls0 given for the other five cases that are
already described in the paper. These descriptibearthquake and accompanied EQL are a
necessary complement to the analysis and intetfmetgiven in the paper. The references for
this supplement are given at the end of the tentnbers after each title correspond to the
listings in Table 1 (earthquakes from the Americas] Table 2 (earthquakes from Europe).

DESCRIPTION OF OTHER EARTHQUAKES ASSOCIATED WITH LU MINOSITIES
The Americas (see Table 1 and Figure 1 of the paper
Eastern North America

Saguenay earthquake - 1988 November 25, 180@6; descriptions only (1)

As described by St-Laurent (2000), here are witdessriptions of EQL sighted prior to,
during and after the foreshock and main shock:

- On November 12, eleven days before the forestebkight purple-pink globe of light was
sighted over the St. Lawrence River near the dif@webec, located 150 km to the south of the
epicenter. The globe of light moved at a steady pa@r the river towards the NNE for 2-3
minutes, then extinguished itself before the eydhetwo withesses (Figure Sla). A few
airports were contacted, but they were told thaincraft flew in this sector at that time.

- Less than one minute before the mainshock, ab@uim to the NNE of the epicenter, a
trapper was emerging from the forest just to tre¢ efthe city of Laterriére. The sky was
clear, the wind very calm and there was no frostherntrees. A crackling noise emitted by the
trees suddenly came from the direction of the ejieéarea. The noise sped by him, passing
by his location at the same time as a large lunsrimdy in contact with the ground appeared
before his eyes. The witness then felt the shohk.moving luminous body, estimated to have
measured about 15 m in height and at least 600wdith, rapidly disappeared at the horizon
opposite to where it came from. Note that the veisneas situated approximately along a
WSW-ENE oriented regional fault that transects$aguenay Graben.

- Here is a witness report from Saint-Prime, lodat@0 km to the WNW of the epicenter:
“...two or three minutes after the mainshock, logkihrough the window, | saw a very small
ball of fire (orange) with a very long narrow tgpssing in a straight line and with great speed
in the middle of the street, about one meter ablogeground...” (Figure S1b). The city of
Saint-Prime is located at the western end of tlgp&aay Graben south wall.
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- Shortly after a weak aftershock that occurredNomember 26, a witness living in Sacré-
Coeur (a village situated 105 km to the ENE ofd@p&enter) recalls: “...looking through a
large window, | saw a large ball of fire with a tptail. It passed beside my house very low
under the telephone pole, crossing the street amg) gtraight down into a ditch behind a
house...”. The village of Sacré-Coeur is locatetheneastern part and along the north wall of
the Saguenay Graben.

- During a mild M 2.5 aftershock that occurred covBEmber 26 at 03h10, two witnesses were
driving in the city of Jonquiére, located 30 knthe north of the epicenter. As they were
making a U-turn in a parking lot along the Arvidadge road, they saw, a few meters away, a
flame-like luminosity issuing from the paved roadi repetitive manner. Note that a SW-NE
lineament is present in this immediate area asage#l lamprophyre dyke outcrop.
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Figure S1 A) Sketch showing a globe of light moving towatldle NNE over the St. Lawrence
River in Quebec City. The sketch represents the wiethe two withesses while they were
looking through the dining room window of thelf 8oor apartment. The globe of light was
seen 11 days prior to the foreshock of the Sagueaghquake series. Originally drafted by
one of the witnesses (Richard Thériault), and ridgenlited by Simona Derr. B) Sketch
showing a small “ball of fire” with a long narrowit passing in front of the witness’s front
neighbour’s house, city of Saint-Prime, about 2iButes after the main shock of the
Saguenay earthquake series. Originally draftechbywitness Nathalie Asselin, and recently
edited by France St-Laurent.




Saint-Fidele (Charlevoix) earthquake - 1979 Audigst18h491(2)

The mbLg 5.0 Saint-Fidele earthquake is the strsinigehave occurred in the Charlevoix
seismic zone since 1952. The intensity reached themModified Mercalli (MMI) scale, both

at the epicenter and 110 km to the NNW in the aft¢hicoutimi. The earthquake was also felt
in Maine (U.S.A.) and in New-Brunswick (Canada). &mg eleven aftershocks, three were felt
on August 20, the last one at 19h11, mbLg 3.0 (Villenet al., 1981). The epicenter was
situated along the northwestern margin of the SWeN&nted St. Lawrence Rift,
approximately 8 km to the SE of Saint-Fidele.

On August 20 (exact time not specified), from tloetim sector of the city of Chicoutimi, three
newspaper delivery boys saw luminous globes trangllery rapidly over the Saguenay River
in a SE direction. At one time, a luminous red gloas seen near and encircling the Sainte-
Anne’s cross (which is located on a cliff above tiogth side of the Saguenay River), before
continuing its way towards the SE while emittinddish flashes of light. Another flashing
globe was also noticed over a very tall tree. Tilg sound heard, reminiscent of a soft wind-
like sound, was when the ball of light was neardiuss, which was close to their

location (Martel, 1979).

Charlevoix area earthquake, 1663 February 05, 11330

The Charlevoix area earthquake occurred withinearrby the astrobleme-related Charlevoix
seismic zone, which is the most seismically actirea of eastern Canada (Roy and Du Berger,
1983; Lamontagne, 1987, 1998; Baird et al., 20IB¢ magnitude of the earthquake was
estimated by Gouin (2001) at mbLg 6.5, while Lo@&08, 2011) recently proposed a
magnitude ranging between 7.2 +/- 0.2 and 7.8 &/b@sed on empirical methods. The later
interpretation is supported by the work of Ebel(2) who interpreted a best estimate for the
moment magnitude of 7.5 +/- 0.45, based on attesuatlations using a MMI scale. The
circular meteorite impact structure measures abbWm in diameter, and is transected in its
central part by the SW-NE oriented St. Lawrencé Ri&montagne, 1987, 1998; Lemieux et
al., 2003; Baird et al., 2010). Hence the origitha earthquake could be related either to fault
movement along this paleorift or to normal faulkksdering the astrobleme-related structure.

The following is a description of luminous phenomenade by Pére Hierosme Lalemant
(Lalemant, 1663), a Jesuit living in the city ofé&ec: “The 5th of February, around 5:30 at
night, a strong noise was heard at the same tira# @i Canada (i.e. Province of Québec).
This noise, which preceded and accompanied theeqsakinded like a house caught on fire...
We also saw “sparks of fire” sliding on roofs with@ausing any harm other than fear... We
saw fires, torches and flaming globes which sometifell to the earth and sometimes
disolved in the air..The atmosphere was not without disturbante...

Newbury earthquake, 1727 November 09, 22h40) :

The mb 5.6 Newbury earthquake is estimated to baea located just to the NW of the city of
Newbury, Massachusetts (Ebel, 2000). It was follbwe same day by 8 strong aftershocks
(M> 4) and by about 80 others until the end of Decembaseries of NE-SW oriented faults
occur along the coastal region of northern Masssetts; New Hampshire and Maine, among
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which the Clinton-Newbury and Bloody Bluff faultshich extend in the immediate area just
north of Newbury (Bothner and Hussey Il, 1999; Homl., 2007; Tuttle, 2008). Directly to the
south of the Bloody Bluff fault are alkalic intrusirocks of the Boston-Avalon Terrane, which
are interpreted to have been emplaced within iagifback-arc environment (Hon et al., 2007).
Furthermore, the location of the epicenter fallthimi a NW-SE oriented corridor of locally
intense seismicity that corresponds to the tradk®iGreat Meteor hot spot (Morgan, 1983;
McHone and Butler, 1984; Ma and Eaton, 2007).

The following descriptions of anomalous light pherema were reported in Gookin (1727):
“The shake was very hard, and was attended wighréoke noise, something like thunder; the
houses trembled .;.it was specially so in the South Parish wheeshirdest shake seemed to
be on the hill ... When the shake was beginning spensons observed a flash at their
windows, and one or two saw streams of lights nugin the earth, the flame seemed to them
to be of a bluish color”. Furthermore, as was rgggbby The Weekly News-Letter (1727):
“Divers people in this, and some neighbouring Paoisserved just as the earthquake began, a
flash of light at the windows: A young man of thisvn being then standing abroad near his
father house, upon which he saw a flash of lightalong upon the ground "till it came to the
house, and then began the shake”. This light wasrgbd in Hampton, New Hampshire, about
15 km N of the epicenter.

Rockland Lake earthquake, 1848 September 08 (r@dimen):(5)

The ML 4.4 Rockland Lake earthquake occurred aB&um to the north of the city of New
York, along the Hudson River (NY State Office of &mgency Management, 2009). The
epicenter was located within the northeasterngfatie Newark Basin, which represents a
half-graben that formed during the break-up ofghpercontinent Pangaea in the Triassic. The
earthquake may be related to movement along th&l&ut Lake fault, a NE-SW oriented,

high angle strike-slip fault that is located aldhg northeastern margin of the Newark Basin
(Lomando and Engelder, 1984).

Flashes of lightning were sighted on the shoregk@Hudson River exactly where the shaking

had taken place, during which time no clouds wéseoved in the sky (Perrey, 1850 ; Galli,
1910).

Mooresville earthquake, 1998 June 04, 22H81:

The mbLg 3.7 Mooresville earthquake occurred apprately 30 km to the north of Charlotte,
North Carolina (USGS, 1998). The epicenter wastextdirectly along a major, NE-SW
oriented, gravity anomaly that extends for over@Rth from Georgia to Vermont and into
Quebec (Cook and Oliver, 1981). This structuraldeais interpreted to possibly represent the
ancient continental margin of eastern North Amenwaere rifting of the supercontinent
Rodinia took place during the Late PrecambrianadyeCambrian (Long, 1979; Thomas,
2006). Reactivation of this rift occurred in Noffarolina during the Triassic.

Numerous Mooresville inhabitants called 911 to repdremendous flash in the sky at the
same time as an “explosion” was heard and feltéaethquake). There was no thunderstorm
activity within 80 km, and the sky was clear. Resits of Charlotte, located about 30 km south
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of the epicenter, also reported seeing a brigkhfkt the time of the earthquake. The flash was
so bright that people thought at first that a metea hit the ground (Young, 1998).

Waynesville earthquake, 1916 February 21, 183P:

The M5.2 Waynesville earthquake was located apprately 50 km to the east of
Waynesville, North Carolina (Reagor et al., 1980yv8r and Coffman, 1993). The epicenter
was situated along the SE margin of the Blue Rjgigeince, an interpreted paleorift which
formed during the Early Cambrian rifting of RodirfieEhomas, 2006, 2010). This paleorift is
bounded to the SE by the Brevard Zone, a SW-NEt#ikE reactivated strike-slip fault that
extends for over 700 km from Alabama to Virginiaa(€s et al., 1988).

On April 11 at 22h52, fifty days after the main skpoMr. Martin and Dr. Coffey witnessed
two floating spheres of light apparently aboutshee of an ordinary street lamp seen at a
distance of one mile. The lights flashed out amihegtrees on the eastern slopes of Brown
Mountain, about one-eighth of the distance dowmftbe summit. The lights moved in a
roughly horizontal plane in a SE direction, flogtin and out of ravines and generally
following the contour of the land for a distancéraated at 2 miles. After 21 minutes, the
lights disappeared as abrutly as they came (FtjzZZ84). Note that Brown Mountain is also
located along the southeastern edge of the BlugeRadleorift (i.e. Brevard Zone), about 75
km to the NE of the epicenter, and is well knownife numerous and controversial nocturnal
light occurrences that have intrigued residentswasitbrs for hundreds of years (Mansfield,
1971; Frizzell, 1984Western North Carolina Attractions, 2013).

Asheville earthquake swarm, 1874 February-M&Y:

The MMI IV-V Asheville earthquakes were located ab40 km to the ENE of Asheville,

North Carolina (Reagor et al., 1987). There wet@a of over 75 earthquakes between
February and May of 1874 (Von Hake, 1975). Theami@al area was located about 40 km to
the NE of the Waynesuville earthquake of 1916, dad eoincides with the southeastern margin
of the Blue Ridge paleorift (i.e. Brevard Zone).

The Western Expositor (1874) of Asheville repotee following news from Bald Mountain,
which is located about 35 km to the east of Astevil

“Thursday evening last (May 21), about half pastse several severe shocks of an earthquake
again were observed at Bald mountain equal in gguerany that have preceded them within
the last three or four months of these rumblingscére of persons at different points several
miles distant from the mountain, concur in theestant of feeling its effects, especially in the
direction of Rutherford county and along Broad riv& strange phenomenon of lights was
witnessed by many -- lights which frequently shpfrom the mountain. A few nights before
Thursday evening's shocks, a party of four or §t/&picer Springs saw a huge light moving

up Broad river, which shone with such intensityaexhibit the trees and hills for an eighth of
a mile on each side of the river, as if it wereldgn. It shone but five minutes, and
disappearing left all in darkness. They descrilas itesembling an electric light, or like a
mellow line of fire moving up the river. The witrses were much alarmed at the time, and can
offer no explanation of the strange phenomenon”.
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Charleston-Summerville earthquake, 1975 April Z345:(9)

The ML 3.9 Charleston-Summerville earthquake o@iabout 5 km to the SW of
Summerville and 35 km to the NW of Charleston, 8dbarolina (Talwani, 1977). The
seismicity in the area is interpreted to be relawevo different sets of orthogonal faults,
which are: 1) the NE-SW oriented Woodstock faull0ekm long dextral strike-slip fault; and
2) a series of NW-SE oriented, steeply dipping rexdaults that bisect and locally displace
the Woodstock fault to form two parallel segments Voodstock North and Woodstock
South faults) (Dura-Gémez and Talwani, 2009). Huséismal data shows a NW-SE oriented
trend, with the epicenter being located on the 8nkf(Talwani, 1977). This trend is parallel
to and along the northwestern extension of a maas3ic transform fault interpreted by
Thomas (2006) to be associated with the riftingafhgaea and formation of the Atlantic
Ocean. The epicenter of the earthquake also caaaidth the Bermuda hotspot trace
(Duncan, 1984; Cox and Van Arsdale, 2002), whislgliacussed previously for the Great
Meteor hotspot, can be linked locally to intenssree activity.

Flashes of lightning in the sky were noted by soestdents of Summerville about 5 minutes

before the earthquake. One woman from Ladson reghdiniat her dog became unusually
agitated a few minutes before the quake and gnashetke in the door (Talwani, 1977).

Charleston (South Carolina) earthquake, 1886 Augisat about 21h5@10)

The Mw 7.3 Charleston (South Carolina) earthquaéie lwcated approximately 25 km to the
NW of Charleston (Dura-Gémez and Talwani, 2009)wAth the Charleston-Summerville
earthquake of 1975, it is interpreted to be reléetbrmal faulting along an extensive, early
Mesozoic (Triassic) extensional rift basin locabetween Summerville and Charleston
(Chapman and Beale, 2010).

Evidence of EQL was reported by Galli (1910) atofsl “In Summerville (near Charleston),

people claim to have heard violent detonations. &parsons profess to have seen the earth
spew flames. Large crevasses formed, from whichhated sulphurous fumes”.

New Madrid earthquake, 1811 December 16, 02ETH; descriptions only(11)

Several EQL were documented in relation with thevMéadrid earthquake series. An observer
near New Madrid saw many sparks of fire emittednftbe earth during the main earthquake
of December 16, 1811. About 235 km to the NNW @&f éfpicenter, in St. Louis, Missouri (i.e.
St. Louis arm of the Reelfoot rift; Braile et @l982), gleams and flashes of light were
frequently visible along the horizon, the lightsi\geally ascending from the earth's surface. In
Livingston County, Kentucky, about 115 km to the dbiEhe epicenter, the atmosphere
previous to the shocks of February 8 was remarKainiynous, objects being visible for great
distances although there was no moon (moon wa9athase). At Bardstown (within the
Rough Creek Graben), about 365 km to the ENE oéflieenter, frequent flashing was
noticed during the commotion that immediately faléal the earthquake of December 16,
1811. At Knoxville, Tennessee, about 500 km todhst of the epicenter, two successive
flashes of light separated by about one minute weea following the first shock. These were
described as being very much like distant lightr(img direction given). Lights or glow was
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also reported from North Carolina (exact locatioh given) and Savannah, Georgia (Fuller,
1912 ; Corliss, 2001). According to Fuller (191&)me of the lightning flashes reported were
probably the result of electrical storms in sonmalities, especially in the South Carolina
region. The weather was also reported to have tlean in the New Madrid area at the time of
the earthquake.

Following is an observation made from Hot SpringytN Carolina, located approximately 600
km to the east of the epicenter and along the NWgmaf the Blue Ridge rift: “The shock at
that place (Dec. 16, 1811) did little damage.... Tilenfnating of the mountains was
accompanied with flashes of fire seen issuing ftheir sides. Each flash ended with a snap, or
crack, like that which is heard on discharging lecteic battery, but 1000 times as loud”
(Hough, 2000).

Charleston (Missouri) earthquake, 1895 Octobef3h08:(12)

The Ms 6.7 Charleston (Missouri) earthquake iddingest to have occurred in the Mississippi
Valley region since the 1811-1812 New Madrid eantlige sequence. People in 23 states felt
this earthquake, which caused extensive damagatonder of structures in the Charleston
region, which is located 40 km to the NE of New MddNuttli, 1987; USGS, 2013).

A total of five withess reports were publishedhie tocal newspapers of the time (Shrum,
1989): 1) A witness from the Bridges district ofaCleston, while looking over the fields just
prior to the shock, saw a beautiful electrical tigpfrom the ground shot up numerous shafts
of lights all over the field. The lights continugmishine during the most violent part of the
disturbance (Charleston Democrat, 1895); 2) Seymnaons from the city of Kirkwood, a
suburb of St. Louis located 200 km to the NW of ¥ston (i.e. within the St. Louis arm of
the Reelfoot Rift; Braile et al., 1982), reportegisig an electrical phenomenon in the northern
skies accompanying the rumbling (St. Louis GloberDerat, 1895); 3) A motorman from St.
Louis reported to have seen an unusual streakuflithat stretched over the sky as he was
passing Natural Bridge road; and 4) From EvansJifidiana, located 200 km to the NE of
Charleston (i.e. within the Southern Indiana arnthefReelfoot Rift; Braile et al., 1982) the
following was reported: “the quake was accompabietightning which seemed to cross the
sky in waves, being four of them, while a yelloghi lit up the northwestern sky” (St. Louis
Globe-Democrat, 1895).

Western North America

Merritt earthquake, 2003 Auqust 20, 01h388)

The Mw 3.7 Merritt earthquake occurred about 40t&rthe ESE of the city of Merritt and 225
km to the NE of Vancouver, British Columbia. Thengeal area of southern British Columbia

is characterized by the presence of numerous NVEf®EN-S oriented, regional faults that are
interpreted to have a dominant strike-slip compaoii€nbe, 2005; Ickert, 2006).

At about 23h30 on August 19, about two hours pondhe earthquake, a withess observed a
flash of light just north of the city of TulamedBritish Columbia, located about 50 km to the
SW of the epicenter. The witness was standingantfof her cottage, on the shore of Otter
Lake, when she saw a white flash of light abouhemiddle and above the 400-500 m wide
lake. The brilliant white beam of light, which acdimg to the witness measured approximately
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2-3 feet in length and 2-3 inches in width, posiéd itself horizontally about 5 feet above the
lake surface. The light remained still for a coupieseconds before moving diagonally towards
the lakeshore. As it reached the shore, the lightrbomoved in front of a large willow shrub
located about 10 meters from the witness positidrere it suddenly grew brighter and burned
into a brilliant neon blue color while simultanelyusmitting a loud sound reminiscent of
sparklers. The neon blue beam of light then ardwed into the nearby bushes behind a log,
sparked and fizzled out. The event lasted aboatZLrhinutes, from beginning to end. The
witness remembers checking around the bushesthéidight disappeared to see if there were
any signs of fire or smoke. She did so again tHeviitng morning but there was no evidence
of scorching on leaves, branches, ground or n&askeore vegetation (S. Smart, 2008, pers.
comm.).

Note that the area where the light beam manifastett is within 500 m (to the west) of the
NW-SE oriented, regional Otter Lake fault (probatdyep seated), which passes along the
eastern margin of the lake and extends for abokn®(Rice, 1947; Morgan, 1973). This fault
is intruded by felsic igneous rocks, and is oridrgarallel to the major Fraser River strike-slip
fault, a crustal scale structure located 40 knhéowest that extends for over 500 km into the
United States (Coleman and Parrish, 1991).

San Francisco earthquake, 1906 April 18, mainslab€5h12(14)

The Mw 7.8 Great 1906 San Francisco earthquakesrasilone of the worst catastrophes in
United States history. Horizontal rupture of tighttlateral, San Andreas strike-slip fault was
evaluated to have occurred along a fault lengtboafe 477 km, from northwest of San Juan
Bautista (located 130 km to the SE of San Frangiscthe Mendocino Triple Junction, south
of Eureka. The epicenter was located about 3 knt @feSan Francisco, near Mussel Rock
(Zoback, 2006; USGS, 2013).

Here are excerpts from a letter written by Johrr&grthen news editor for the San Francisco
Examiner (Alberts et al., 1989)While standing on Market Street with two repostefter

5h00 am, all of a sudden we found ourself staggeaimd reeling... It was dark, like twilight
(sunrise was at 05h33.. | saw wide wounds in the street and a witthta of wires. Some of
the wires swayed and shot blue sparks... A deadly ofigas rose from a broken main... That
was what came next—the fire. It shot up everywhétreMore than 50 fires started within half
an hour after the earthquake. (Alberts et al., 1Z8®ack, 2006).

Several occurrences of light phenomena were destiibassociation with this earthquake.
The following was reported in Corliss (2001): “Téwgpearance of the blue lights was over a
wider area than first thought... At Petaluma, aliukm north of San Francisco, blue flames
eighteen inches in height “played” over a wide eygeaof marsh land. Before the earthquake,
only a flickering haze was seen above the groundue Bames were seen hovering over the
base of foothills in western San Francisco... In $ase, at the time of the shock, Alameda
Street was seen ablaze with fire, being of a bieawéinbow color, but faint At a mountain
ranch near Cazadero (about 100 km NNW of San Fseajithe two nights preceding the
earthquake, a couple saw small streams of lightninging along the ground. Their attention
was directed to the phenomenon by incessant badtitigeir dog (Madeira, 1910). Except for
the marsh gases and the Cazadero incident, inigstlimpossible here to discriminate between
normal glow due to sunrise, wires arcing, mornirigtrand fires, and anomalous glow that
might have been seen by some.
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Hollister earthquakes, 1961 April 08, 23h23 and2Z3l(15)

The Hollister twin earthquakes, respectively of miagle (M) of 5.6 and 5.5, occurred two
minutes apart and were both located approximatlyn2 to the SSE of the city of Hollister,
California (Cloud, 1967). The epicentral area cwlas very closely to where the Calaveras
fault meets the San Andreas Fault. The formegta-tateral strike-slip fault, represents a
major branch of the San Andreas Fault. It extendslbout 200 km, starting south of Hollister,
then running sub-parallel and to the east of the/Sareas Fault until it wanes off about 30
km east of San Francisco. It is difficult to deterenwhich of these two strike-slip faults was
active at the time of the twin earthquakes, buebagrictly on the location given by Cloud
(1967), the epicenter was most likely located altireggSan Andreas Fault, slightly to the NW
of the fault junction.

While outside, a rancher living south of Hollisteanting to check for his family just after the
first shock (M 5.6) saw to the west, during theasetshock (M 5.5)a number of small
sequential flashes from different random placea atoseby hillside. Later inspection of this
location found no electric wiring or any other exqdtion for the lights (Derr, 1973).

Lone Pine earthquake, 1872 March 26, 02ti36)

The Mw 7.5 Lone Pine (also called Owens Valley}teguake is one of the largest seismic
events to have happened in California in histones, being similar in magnitude and
intensity to the Great San Francisco earthquak®06. The Lone Pine earthquake was
characterized by a large surface rupture estimattadength of 120-140 km that was centered
approximately 40 km to the NNE of the village ofrleoPine (Beanland and Clark, 1994;
Hough and Hutton, 2008). Faulting near Lone Pinvelied both dip-slip and right-lateral
components of movement that occurred along the Ninted, Owens Valley fault, which is
a dextral strike-slip fault that forms the northtees margin of the Owens Valley graben. This
rift structure formed in a transtensional regimgoagated with the more regional Eastern
California Shear Zone (Taylor, 2001).

Some light phenomena associated with this eartheqaek described in a report of the Inyo
Independent (1872), summarized by Corliss (200hmediately following the great shock,
men ..., while sitting on the ground near Eclipiee (located about 50 km to the SSW of
Lone Pine), saw sheets of flames on the rocky sifldse Inyo Mountains, located about one
mile away. These flames, observed in several plazaged clear of ground like vast torches.
They continued for only a few minutes”.

Pineridge lumber district earthquake, 1894 July2D$h50:(17)

The MMI VI Pineridge lumber district earthquake wasated approximately 100 km to the
ENE of the city of Pineridge, California. The epitml area was situated near the northwest
margin of the Owens Valley graben, in proximitythe northeastern end of the lengthy surface
rupture related to the 1872 Lone Pine earthquakerited above (Holden, 1898).

Earthquake lights were reported by Holden (189)st‘night at the Pine Ridge lumber district
(100 km to the ENE of Pineridge), a “sharp” shodswaccompanied by the greatest electric


https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-b3426b7e0ef201a4addeaa3f422d04a4-XXX&enrichSource=Y292ZXJQYWdlOzI3NDI0NDk2MztBUzoyMzgwODUwMTUzMzkwMDhAMTQzMzc3NTI5OTc5Nw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-b3426b7e0ef201a4addeaa3f422d04a4-XXX&enrichSource=Y292ZXJQYWdlOzI3NDI0NDk2MztBUzoyMzgwODUwMTUzMzkwMDhAMTQzMzc3NTI5OTc5Nw==

display ever witnessed by inhabitants there... Alsouiset last evening, a red cloud some 50
miles (83 km) long gradually settled over the SGieMevada range. Electrical displays observed
on edges of the cloud reached a maximum at the qfethle quake. After the tremor had
subsided, the cloud rapidly moved away and the spmere became clear” (Holden, 1898;
Corliss, 2001).

Cross Sound earthquake, 1973 July 1, 06H38):

The mb 6.2 Cross Sound earthquake occurred atth depome 30 km (AEIC, 2012). The
epicenter was located about 50 km offshore thehsastern coast of Alaska, along the Queen
Charlotte-Fairweather Fault, an active strike-sigmsform fault that is the Canadian equivalent
of the Californian San Andreas Fault (AEIC, 2012).

At the beginning of the 70’s, around 10 am on aa@arDay (i of July) long weekend, a
couple boating on the Taku Arm of Tagish Lake, Betrt Yukon, saw 7 yellow luminous
globes on the nearby flank of Lime Mountain. Thaselst orb was observed approximately 500
m to the west of the boat, and had a diameter eérimn 1 m. Along with the other nearby
orbs, they were seen slowly drifting up the mountaijoin the more distant ones, which were
estimated to have been located about 4 km awagnfarkable photograph was taken by the
Conacher couple (Figure S2) (Jasek, 1998). It ikhmdhile noting that in the early 70’s, the
only years when Canada Day occurred on a weekdandl®72 and 1973. In both years, a
strong earthquake happened in July. The epiceotéhese two earthquakes were located
respectively 375 and 300 km to the SW of Lime Maimtboth offshore in the Pacific Ocean
along the Queen Charlotte-Fairweather Fault. Otwlee the most likely candidate that could
be linked with the observed globes of light is @ress Sound earthquake (ML 6.7), as it
happened on the'bf July 1973 at 06h33 LT, hence just a few houisrgo the EQL sighting
(if we assume that the latter were effectively seehat day). This earthquake was followed
the same morning by two aftershocks, first an ML éarthquake at 08h12 LT, followed by a
ML 4.1 earthquake at 09h03 LT (AEIC, 2012).

Lime Mountain is located within the Cache Creekaee, which is interpreted to consist of
amalgamated seamounts that originated severaldhduslometres to the west in the Tethys
Ocean during the Permian (approximately 280 Ma,aaynd were later accreted to the western
coast of North America to form the Cordilleran im@ntane Belt. The seamounts are
interpreted to have formed above a hot spot or im@hime (Johnston and Borel, 2007). The
EQL were observed about 15 km from the western éaynof the Cache Creek terrane, which
is marked by the presence of the regional, NW-S&nted Nahlin Fault, a thrust fault which
extends for several hundred kilometres from soutierkon into British Columbia.
Furthermore, a 50 km long, NE-SW oriented strikp¢8) fault extending perpendicular to the
regional tectonic grain occurs approximately 8 kortim of Lime Mountain, and marks the
northern limit of the Cache Creek terrane (Palfgt bdart, 1995; Buffett et al., 2006). This fault
could represent a reactivated, regional-scale fltamsfault. Note that the two groupings of
observed EQL were aligned approximately parallehis fault.



Figure S2 Photograph of earthquake lights observed aloagvstern shore of Tagish Lake,
southern Yukon. A total of seven yellow-coloredodan be seen, the closest being at about
500 meters away from the two witnesses. The tlagbdst orbs are shown by the white
arrows. The orbs have a diameter of approximate¢y/raeter. For original color photo, see
website (Jasek, 1998). Photo credit: Jim Conaakssd with permission).

Acapulco-Ometepec earthquake, 1907 April 15, OOKN9l)

The Ms 8.0 Acapulco-Ometepec earthquake occur@jaghe Pacific coast of Mexico,
approximately 75 km to the SSE of Acapulco (Nata@97; Marvin, 1907; Nishenko and
Singh, 1987; Ortiz et al., 2000). The length of tingture along the Pacific coast was estimated
at 110-140 km (Nishenko and Singh, 1987), and #inthquake was felt up to 800 km away
from the epicentral area (Nature, 1907). This @asirthquake is related to subduction of the
Cocos Plate under Central America (Ortiz et alo®0

Possible EQL were observed at sea at the timeeofainthquake. Here is a description reported
by Fuller (1912): “Bearing on the origin of thedtees or glowshe observations of several of
the captains of ocean liners in the Tropics atithe of the recent severe disturbance in
Mexico (1907) are of significance. They reportealt thn the night on which they afterwards
learned that the earthquake had occurred, strawgsgh the sky, resembling the auroras of
northern latitudes, were seen. As these were potted farther north the view suggests itself
that they were due to magnetic disturbances.... ".
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Central America

Guadeloupe, Pointe-a-Pitre earthquake, 1843 FepB8)di0h401(20)

The M 7.5 Guadeloupe, Pointe-a-Pitre earthquakie ptace at sea in the Lesser Antilles area,
about 50 km to the east of Antigua and 110 km ¢oNNE of Pointe-a-Pitre, Guadeloupe
(SisFrance, 2013). The Lesser Antilles arc redgtdis the ongoing subduction of the
American plates under the Caribbean Plate (Fewtlat., 2001; Terrier and Bes-de-Berc,
2007). The epicenter of the Guadeloupe, Pointetva-Barthquake was situated along this
subduction zone, about 150 km to the west of thelsction front. The area of Pointe-a-Pitre
is located along the northern rim of the Marie-@G#daGraben, a 30 km wide by 110 km long,
WNW-ESE oriented structure that extends perpendidol the Antilles arc. This attests to an
episode of approximately north-south, recent ctustiension in the area (Feuillet et al., 2001,
Terrier and Bes-de-Berc, 2007).

At the time of the earthquake, some EQL were olesbmr the city of Pointe-a-Pitre,
Guadeloupe. M. Hippolyte Chocque, a watchmakengdjvn Pointe-a-Pitre, described in the
following terms the particular luminosities he véssed at the time of the earthquake: “... The
weather was remarkably nice...; the atmosphere, edangth a few clouds in the morning,
became perfectly pure half an hour before the evephenomenon for which | was the only
witness in my locality, and that, from the recdliec of several people, repeted itself in other
places, is that, at the time the floor fell frondenmy feet, during my fall along with the
collapsing house, | saw a bluish flame come ouhefearth and rise about 2.5 m above the
ground; it's width could have been 0.30 m at i&s®” (Arago, 1859). According to Galli
(1910), no volcanic activity occurred in the aresing the year of 1843, as well as the
following year, the last activity dating back to3r781838.

South America

Cumana earthquake, 1797 December 14, 181230:

The MMI IX Cumana, Venezuela, earthquake was estichtb have been located slightly east
of the city of Cumana (Audemard, 2007). More th@r?8of the city was completely
destroyed. The area is traversed by the El Pildt,fan E-W oriented, right-lateral strike-slip
fault that is part of a large-scale fault systerrerdling for some 800 km in length and 100 km
in width in northern Venezuela (Gonzélez et alQ40

The following was reported by Von Humbolt and Bam (1814): “At Cumana, half an hour
before the catastrophy of December 14, 1797, agtsmell of sulphur was perceived near the
hill of St. Francis convent; on the same spot,desuvaneous noise, which seemed to proceed
from the SE, was heard the loudest. At the same, ilmmes appeared on the banks of the
Manzanares River, near the hospice of the Cap(kiospicio de Los Capuchinos) in
Cumana. Note that all these locations are situated atbedel Pilar fault.

Gulf of Paria earthquake, 1766 October 21, 0423}

The Ms 7.5 Gulf of Paria earthquake occurred airs¢fae Gulf of Paria, to the west of
Trinidad. The location of the epicenter, which vaaproximated from isoseismals, was
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situated about 200-250 km to the east of the Curearthquake. It represents the most
extensive historic earthquake ever felt in Venez{@udemard, 2007).

As reported by Audemard (2007), flames were obsknmvehe vicinity of the Gulf of Cariaco,
about 175 km to the west of the epicenter and albadt! Pilar fault.

Pereiro earthquakes, from January to end of Ma®&8123)

The mb 3.9 to 4.5 Pereiro earthquake series oatatieut 225 km to the south of the coastal
city of Fortaleza, in eastern Brazil. A total o§&smic events were recorded between January
and March of 1968 (Torres, 1994). The area of Reigilocated approximately at the point of
intersection of two regional scale structures, Wisioe the Jaguaribe fault zone and the Carini-
Potiguar Rift Zone. The former structure is a NE-8/WNE-SSW oriented shear zone that
extends for about 400 km inland from the Atlant@st. This strike-slip fault passes about 10
km to the west of the city of Pereiro. The Cariotifuar Rift Zone is a 500 km long
intracratonic rift that consists of a series otdistinuous, NE-SW to ENE-WSW oriented
basins and half-grabens (Peulvast et al., 20063. &tiensional structure is one of several
Early Cretaceous rift basins found in northeaszBravhich are interpreted to be associated
with the opening of the South Atlantic (De Mato892).

Here are excerpts from a letter by Creighton (19&8mer British diplomat, to Flying Saucer
Review:

“Bluish green, fiery balls were seen flying in ditections overhead. Few among the 30 000
Pereiro inhabitants have not seen them. The witsaspeatedly describe them as being like
“big automobile headlights” that sometimes stayhaitt movement, sometimes move up and
down in the sky, and sometimes shoot about ingdttdine. Their luminosity is strong and

they are noiseless.... It had been establishedhibatappearance always precedes the tremors
by a few hours”.

Pisco, Peru earthquake, 2007 Auqust 15, 18841 descriptions only(24)

Here are two examples of observed luminositiesrglweOcola and Torres (2007):

- At Playa Yumaque (about 70 km SE of the epic@n&traround 18h35, a fisherman entered
the water to throw his nets. Everything was obscAifew minutes later, everything lit up in a
medium violet coloration. He secured his nets, thedd came the shocks. The sea became
agitated around him. Moments later, the sky reghitsedarkness and the sea became calm
again. Then, another shock happened and agairytievey lit up as in full daytime. Note that
Playa Yumaque is located on the southern sidesoPtracas Peninsula, and is thus
approximately 10 km (or less) to the south of trganPisco-Jurua Fault.

- At San Clemente (about 60 km SE of the epicengenitness reported: “a few seconds after
the start of the tremors (18h41), there was a losiin in the distance, over the sea and
towards the Bay of Paracas (i.e. towards the SIW3. reddish luminosity lasted for 1-2
minutes, until the end of the second shock”. Thg &aParacas coincides with the location of
the second rupture zone associated with the Ffsro, earthquake (Ocola and Torres, 2007;
Sladen et al., 2010). Furthermore, it is locatetthatsouthwestern termination of the SW-NE
oriented, continental scale Pisco-Jurua Fault.
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Mendoza earthquake, 1861 March 20, 201{256)

The M 7.0 Mendoza earthquake was located aboutiltbkhe SW of Mendoza. It was the
most destructive earthquake ever to hit Argentindlendoza, it completely destroyed the city
and was responsible for the death of 6,000 peaglefoa population of 18,000 (INPRES,
2013). The epicenter was located within the CuysiiBaa 600 km long by 50-100 km wide,
NW-SE rift structure formed in Triassic to earlyassic time during the break-up of the
supercontinent Pangea (Ramos and Kay, 1991).

In the city of Mendoza, during the nights of Ma@&hand 21 when violent tremors took place,
a person recalls having seen “fire balls” risingfrgm the base of the tree under which she was
lying down. Each of the incandescent globes wasrapanied by a tremor. Other persons have
reported to have seen during the day a fog-likenphneenon at the very same place

(Perrey, 1863; Galli, 1910).

Santiago earthquake, 1851 April 2, 06h436)

The Ms 7.1 Santiago earthquake occurred approxiypn@fekm to the WNW of Santiago and
35 km to the SSE of the coastal city of Valpard3GF, 2013). As reported by Thomas and
Baldwin (1856), the earthquake was severe, andelta80 km out at sea, off the mouth of
Maypu River. The epicenter was located about 10@dkthe south of the Juan Fernandez
Ridge, a hot spot trace that leads, further westerPacific, to the Juan Fernandez mantle
plume (Schissel and Smail, 2001).

This from Gilliss (1856), and reported by Corli28@Q1): “... Not far from 9 o’clock on April

1%, there was a vivid, quick flash of lightning t@tNINE, so intense the brightness as to
illuminate within the observatory where | had beémwork some hours. | was startled by the
sudden brilliancy, and listened for close-followithginder, but no sound came neither was the
flash repeated, nor was the smallest speck of ateed about the horizon in that direction”.
Note that the observatory was situated on Santalidil, which is located in downtown
Santiago. The area of Santiago is contained witierinterpreted Central Valley Graben, a N-
S oriented, 20 km wide by over 120 km long palestifucture that is bounded by two major
fault zones, namely the Los Angeles fault zone {@esmargin) and the Pocuro Fault (eastern
margin) (Carter and Aguirre, 1965). This paleastfucture is referred by Farias et al. (2010) as
the Central Depression or Abanico Basin, whose margormal faults were later reactivated
as thrust faults. Note that the above mentionnedrasities were observed in the general
direction of the Pocuro Fault.

Valdivia earthquake, 1960 May 22, 14h1(P7)

The Mw 9.5 Valdivia (or Great Chilean) earthquakd @60 is to this date the most powerful
earthquake ever recorded (Melnick et al., 20068206s resulting tsunami affected a large
part of the Pacific coast, including Chile, AusaaNew Zealand, Japan, Hawaii and Alaska.
This seismic event is referred as a megathrust@aake, having ruptured nearly 1000 km of
the Nazca-South America plate boundary. Rupturiaged at 38.%5 latitude, about 175 km to
the NNE of Valdivia, and propagated southward toNlazca-Antarctic-South America triple
plate junction, located at about°86 This 1000 km long rupture segment is coinciahtit the
extent of the Liquifie-Ofqui fault zone, a NNE-SSWieated, major dextral strike-slip structure



that marks the eastern margin of the Chiloé miatep{Melnick et al., 2008, 2009). The
hypocenter of the Valdivia earthquake, along whthse of the other related earthquakes that
occurred in the following months and years, arerpeted to have been located along or
adjacent to the NW-SE oriented Lanalhue strikefsligt zone, a steeply NE-dipping, long-
lived crustal-scale structure that extends for &800 km from the Liquifie-Ofqui fault zone,
where it branches off, up to Arauco Peninsula (Yeial., 2006; Melnick et al., 2008, 2009).
The Lanalhue fault is interpeted to have controiteghtion and propagation of Valdivia 1960-
type megathrust ruptures (Melnick et al., 2009).

This excerpt is from Saint-Amand (1962), and reguity Corliss (2001): “Several people
reported luminous phenomena associated with thikgaake. The most interesting reports
come from the Arauco Peninsula, where people irtitiyeof Canete saw a luminous glow in
the air associated with the stronger aftershocks. phenomenon was described by a pilot,
who, with three passengers, was trying to sledpsiplane .... The light was described as
coming from the air, beginning abruptly and ristog fairly constant level in less than one
second. It continued for perhaps 40-50 secondagdyiuit more slowly, with a decay time of a
few seconds. It was seen only during the stronfiersocks. The effect seemed to be the
brightest at the horizon, to the south and eabe Sky was quite clear. There was no electric
power available on the peninsula which could hagesed the phenomena, all the power
having been shut off because of the earthquakete Nat Arauco Peninsula and Arauco Bay
(just to the north) are underlain by the AraucoiBaa fault bounded paleorift structure that
was undergoing extension between the Late Cretacaudiearly Pliocene (Melnick et al.,
2006). Apart from the observed luminous phenomanajnusual radio emission was detected
on several widely separated radio astronomy receivethe northern hemisphere on May 16,
1960, five days before the earthquake (Warwick.ei882).

Europe (see Table 2 and Figure 2 of the paper)

Penzance, England earthqguake - 1996 November h@238091)

The Mw 3.8 Penzance earthqualceurred near the western tip of the Cornwall Paulan The
area has undergone at least two episodes of riimgng the Phanerozoic : 1) in the Devonian
(pre-Variscan), NE-SW crustal extension led toftrenation of the Lizard Complex-
Gramscatho pull-apart basin, which was associatédtie emplacement of the mafic-
ultramafic Lizard Complex (Cook et al., 2002); é&)dollowing NW-oriented thrusting during
the Variscan Orogeny (Waters and Davies, 2006)nB€lrriassic extension led to the
formation of the Plymouth Bay Basin (Peacock, 2004ose northern limit is located in the
general area of the Penzance earthquake. The rebap®ed morphology of the Plymouth
Basin led Ruffell et al. (1995) to suggest thadikily formed during NW-SE extension in a
pull-apart within a strike-slip fault system.

Seven luminous phenomena were reported within 4%r&am the epicenter. The luminous
phenomena were observed more or less along an EéMation that parallels the northern
edge of the Plymouth Bay Basin. One week beforarthim shock, an unusual white light was
seen at 5 pm from a road near Pendeen, locatdted®W coast of the Cornwall Peninsula.
Five days before the earthquake, an orange-redKliblight” appeared above the Mawnan
Smith church, located on the north bank of the ¢tdlRiver. This was seen from Gillian,
about 2 km south of this location. Four days betbesearthquake, a full-moon-like sphere of
light was seen above the same church for some H@Eal moon was at phase 0.19, i.e., a
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thin crescent). Sunday night, about 14 hours #ftemainshock, frequent very bright flashes
in the sky were observed at St-Yves, on the SWtadake Cornwall Peninsula, which was
followed 5 minutes later by a passing noiselesageaall of light which materialized to the
east, picking up speed moving west along the cblde that St-Yves is located approximately
over a NW-SE oriented fault that extends towarésstbutheastern part of the Lizard
Peninsula. On Monday the 11th, around 3 am, al#dlisnt “flash” of light was seen over
Falmouth Bay, while at Perranar-Worthal, just natiiPenryna man reported unusual lights
above the village (British Geological Survey, 19B@vereux, 1997; The West Briton & Royal
Cornwall Gazette, 1996).

Helston, England earthquakes (twin event, 5 s apdf866 July 23, 02h50(2)

The Mw 3.6 Helston earthquake (Musson, 1989, 19&%) located approximately 5 km to the
NW of the northern edge of the Lizard Complex-Greatiso pull-apart basin (Cook et al.,
2002), which also coincides approximately with tleethern edge of the Permo-Triassic
Plymouth Bay Basin.

Three EQL were seen within 25 km from the epicer®er the SE coast, a flash just prior to
the earthquake was noted by several people at B#hmierom Mullion, a red glare was seen in
the sky in the Coverack area, on the SE coasteofittard Peninsula. A bright light in the sky
was seen by a few people at St-Yves on the SW ¢pastson, 1989, 1994). Note that
Coverack and St-Yves are located at both enddNWaSE oriented, interpreted Cenozoic
fault that is part of a regional fault distributipattern observed in southwestern England.

Iclon, France earthqguake, Normandy - 1769 Decerbei9h35 (3)

The Iclon earthquake occurred in Normandy, Fraalmmg the southeastern coast of the
English Channel. Its intensity was evaluated at\fllen the Medvedev-Sponheuer-Karnik
(MSK) scale (SisFrance, 2013). The earthquake pdatealong the southeastern edge of the
English Channel Basin and adjacent to an exte$WeSE oriented lineament. This structure,
which corresponds to the Pays de Bray Fault, estémdover 500 km towards the ESE,
reaching the southern part of the Upper Rhine Grg®Wélson and Patterson, 2001; Wilson
and Downes, 2006).

Two different observations of EQL were reportedrirthe vicinity of the Iclon earthquake. At
Elbeuf (15 km south of Rouen), the Seine River szkta boil up with a bellowing noise, and

a multitude of shooting stars with brilliant trawere seen. At Houlme (northern part of
Rouen), a bright light was observed in the sky (#talLl854). Note that these two sites
coincide approximately with the location of t8eine Fault, which follows the river of the

same name. This fault is parallel to the Pays @y Bault and runs about 60 km to the south of
it (Bourdier and Lautridou, 1974).

Market Rasen, England earthquake - 2008 Februargdhb6 :(4)

The Mw 4.4 Market Rasen (Lincolnshire) earthqudWegson, 2008) was located 4 km to the
north of Market Rasen, approximately along the N®/eBiented, fault-bounded margin
between the Askern Spital High and the Humber Bhalfigraben. This was the largest
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earthquake in the UK since the 5.4 M Lleyn Penm&arthquake (British Geological Survey,
2013), which occurred in North Wales in July 1984l gave rise to some “ufo” reports
(Devereux, 1989).

Five EQL sightings were reported for this earthgqualkhe EQL locations were found to be
aligned in a WSW-ENE direction, spread over a dis¢aof nearly 100 km and passing
approximately 15 km to the south of Market Ragenouple living in Tathwell reported
seeing flashes of light as the earthquake rumideasa the country. The most striking event,
seen at Louth about 25 km east of the epicentes,anaall of light of a grape-fruit size seen
crossing a ground floor bedroom during the mainkhtiavent out like a light (Louth Leader
newspaper, 2008a, 2008b).

Roermond, Netherlands earthquake - 1992 April (B3 :

The Mw 5.3 Roermond earthquake (Camelbeeck and Megh 1996was located along the
Peel Fault, which defines the NE margin of the Réadiey Graben. This rift measures 25-30
km in width, and is the main structure of the Lowdrine Graben, which is part of the
Cenozoic Rift System of western Europe (CamelbeeckMeghraoui, 199&an Bergen and
Sissingh, 2007).

EQL were observed about 70 km to the north of #réhguake, as reported to one of the
authors by the witness Mr. E. van Ulft in 2068om an elevated hill near Dieren, a curtain-
like light coming from the direction of Millingers¢uth of Dieren) was sighted four days after
the main shock. The light followed a parallel ceuwath the Waal River towards the west. The
man estimated its speed at about 200 km/h. Thedigappeared at the horizon near Arnhem.
The curtain of light was several km long and appeédo be clear of the ground. The witness
was situated about 18 km north of the Waal Rivénictvruns towards the east and then turns
to the southeast into the Venlo Graben, which is giathe Lower Rhine Graben. The sky was
clear.

Aachen (Aix), Germany earthquake - 1755 December20h30 16)

The Aachen (Aix) earthquake had an estimated iitteaEMSK VI-VII (Alexandre, 2013).

The epicenter was located near the southeasterofeéhd Feldbiss Fault that marks the SW
limit of the Roer Valley Graben. The earthquakeusoed approximately 40 km to the south of
the Roermond earthquake.

In the Lower Rhine area, numerous seismic shocks fedt. At Rocroi (Meuse valley), 145

km to the SW of the epicenter, as well as in offlaces, these shocks were preceded by a dull
noise. The sky also appeared as if it was on Kitallet, 1854).

Duren, Germany earthquakes - 1756 February 18 Aptil : (7)

The Diren earthquake series occurred a mere 2 saftdr the Aachen earthquake
(Alexandre, 2013)The Diren area is located 30 km to the east of &aemd near the Rurrand
Fault, which defines the northeastern margin ofRber Valley Graben.
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In Cologne, Liége and Namur, located between 40148ckm from the epicenter, the ground
shook just about every day from February 18 uhélrnonth of April. The most violent shocks
were accompanied by large lightning sparks or luminflashes (Mallet, 1854).

Karlsruhe-Rastatt, Germany earthquake - 1737 May PH00 (8)

The Karlsruhe-Rastatt earthquake was part of asefiearthquakes that occurred along the
eastern faulted margin of the central part of tippét Rhine Graben. Its intensity was
evaluated at MSK V (SisFrance, 2013). The UppenRIi@raben is a NNE-SSW oriented, 350
km long by 40 km wide graben structure that extdnol® central Germany southward to near
the northwestern border of Switzerland. It is thestrprevalent of several dominantly NNE
oriented, regional scale grabens that extend odestance of some 1100 km from the North
Sea coast to the Mediterranean (Dézes et al., 2004é}e rift-related sedimentary basins
formed in the foreland of the Alpine Orogen, anel iaterpreted as being likely related to
crustal extension caused by large-scale mantle llipgeor plumes (Hoernle et al., 1995;
Goes et al., 1999; Wilson and Patterson, 2001; étral., 2004; Harangi et al., 2006; Wilson
and Downes, 2006; Lustrino and Wilson, 2007). Diapipwelling of mantle material also led
to domal uplift of Variscan basement massifs (Blgssif Central, Armorican Massif, Rhenish
Massif and Bohemian Massif) and to widespread asrQuaternary alkalic volcanism within
western and central Europe (Wilson and Pattersa®il 2 Evidence of volcanic activity is
present in both the northern (e.g. Vogelsberg)sandhern parts (e.g. Kaiserstuhl, Urach and
Hegau) of the Upper Rhine Graben.

At Karlsruhe, at an unknown time relative to thetleguake of May 21, the mountains were
covered with thick mist, through which traces afi@ light could be perceived. Three days
prior to the earthquake, globes of fire were seethe air on the side of Landau, 25 km to the
NW of the epicenter and within the central parthef Upper Rhine Graben. These lights had
also been seen there three weeks before (Mall88)18

Giromagny, France earthquake - 1843 December 20@39)

The Mw 3.9 Giromagny earthquake happened at thihaestern extremity of the Upper
Rhine Graben, at the southern limit of the VosgesiMains (ECOS, 2013). The Upper Rhine
Graben is a NNE-SSW oriented, 350 km long by 40nkde graben structure that extends
from central Germany southward to near the norttevasorder of Switzerland. It is the most
prevalent of several dominantly NNE oriented, regicscale grabens that extend over a
distance of some 1100 km from the North Sea coaiet Mediterranean (Dézes et al., 2004).
These rift-related sedimentary basins formed inféheland of the Alpine Orogen, and are
interpreted as being likely related to crustal esien caused by large-scale mantle upwellings
or plumes (Hoernle et al., 1995; Goes et al., 199i%0n and Patterson, 2001; Dezes et al.,
2004; Harangi et al., 2006; Wilson and Downes, 2006trino and Wilson, 2007).

EQL were observed about 75 km from the epicenteR@ugegoutte, a small village next to
Giromagny, the seismic shock was preceded by sieight light that “the light made by the
candles was dimmed”. At Belford, 15 km to the saftBiromagny, although no shock was
felt, a glow of light resembling lightning was obged. At Delémont, 50 km to the SW of the
epicenter, two seismic detonations were each acanieg@, within 2-3 seconds, by a light “as
bright as the sun”. At Fribourg, 75 km to the ENEsiromagny and within the Upper Rhine
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Graben, the same bright light was observed, whiab described as being so violent that for
people standing on the surrounding hills, the erntity appeared to have been on fire
(Montandon, 1948).

Remiremont, France earthqguakes - 1682 May 13, 0Zb&b May 2. 7. and 12Y10)

A series of four earthquakes took place in May 1i68#e area surrounding Remiremont, the
most significant being the last event, MSK VIl §6rance, 2013). The seismic area is located
on the southwestern flank of the Vosges Mountaieay an ENE-WSW trending transform
zone linking the Bresse Graben to the Upper Rhirsbén (Mekkawi et al., 2003; Madritsch et
al., 2009).

EQL were observed within 200 km south of the epigenn Remiremont and Plombiére
(about 40 km west of the Rhine Graben), flames wésrved rising from the ground without
recognition of their sourcahey dispersed a very unpleasant odor (Galli, 1&rlot,

1866). All the letters written in Lyon, Geneva aisewhere in Switzerland mention “flames”
that appeared 4 days prior to this “movement” dar@ mountain next to Geneva (Montandon,
1948).

Ebingen, Germany earthquake - 1911 November 1@32H0OL descriptions only(11)

Here are a few examples of light sightings desdritpevon Schmidt and Mack (1912):

- A pastor who was in the neighbourhood of Reud#mgt the time of the earthquake, wrote: I
was in the main street at the station (at abou8@ptvhen | suddenly found a light
phenomenon about 5 paces from me. It came not tmowe, but evidently out of the earth,
and lifted itself vertically from the ground, toetheight of an adult. The light was thicker in
the middle, thinner below and above. | heard aretgrdund noise, like the rolling of a heavily
loaded wagon or the collapse of a mass of storethetground”. Very soon afterwards, the
light disappeared.

- The wife of mechanic Kiessling in Ebingen wrdt&s soon as we glanced in the air, several
fiery balls appeared at two thirds the height peeson, and immediately spread out and
appeared to break apart with a noise like thuntlee. milkmaid from Truchtelfingen was
coming behind us with her wagon, which skiddechtogide of the street, and we saw a dense
fire rise out of the ground in front of it, whicluigkly became as big as her and took the shape
of a big disk, which was lit in all colors like ainbow”.

- A teacher in Tailfingen (5 km north of Ebingetgted: “Bluish stripes, bands and sheaves
rose from the earth and, at the height of the yallalls (i.e. Hohenzollern Graben), united in a
ball-like shape and with frightful sputtering, higg and cracking fell apart in all directions”.

- The wife of a signalman at Station 60 near Ehimgaid: “At the onset of the earthquake |
saw in an open area near to the signal house lithmréeous phenomena like lightning, which
moved horizontally on the ground like snakes”.
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Belley, France earthquake - 1823 December 13, 0300

The Belley (or Bugey) earthquake, MSK V-VI (SisFean2013), was located approximately
30 km to the east of the Bresse Graben, nearuthsastern extremity. The Bresse Graben is a
N-S trending rift structure that is part of the Geaic rift event of western and central Europe
(Sissingh, 1998).

At the time of the shock, an inhabitant of Bénondesated 20 km NW of the epicenter and

near the eastern edge of the Bresse Graben, rdpgbakthe sky appeared as being all on fire
an instant after the “explosion”, although he saseteor (Mallet, 1855).

Saint-Geniez d’'Olt, France earthquake - 1876 Deegrh®, 05h06 (13)

The Saint-Geniez d’Olt earthquake, MSK V-V (Siskea, 2013), occurred in the southern
part of the Massif Central, near WNW-oriented faditat spatially coincide with the southern
limit of the Limagne Graben.

In Sévérac-le-Chateau, located 12 km to the sdutiecepicenter, during the main shock,
several people observed towards the NW a reddash gf light quite similar to a lightning
bolt, but less bright (Bulletin Hebdomadaire dedédciation Scientifigue de France, 1877,
Galli, 1910).

Argelés-Gazost, France earthqguake - 2006 Novemhekdh19 (14)

The Mw 4.5 Argelés-Gazost earthquake (Cara e2@07) was located just slightly to the
south of the North Pyrenean Fault, which marksibrghern limit of the Pyrenean paleorift
(Vergés and Garcia-Senz, 2001).

About 23h30, two men in a car saw a vertically gited, white luminous mass rapidly
crossing the road about two meters above the gromely do not remember the exact date,
but they know it was near the day of the earthq®la@aine, pers. comm., 2008)hey were
driving on National Road N-117 between Ossun anarifay. This section of the road is about
25 km north of the epicenter at the northwesterhadrthe mapped Adour Fault, near Tarbes
(Mattauer and Henry, 1974; Souriau et al., 20Q%is hoteworthy to mention that a M 3.1
aftershock occurred at 23hf¥e day after the mainshock (Cara et al., 2007).

Bagneéres-de-Bigorre, France earthquake - 1873 Noget, 04h33 (15)

The Bagnéres-de-Bigorre earthquake, MSK VII (SiaEea 2013), occurred approximately 30
km to the ENE of the Argeles-Gazost earthquake.ldt&tion of the earthquake corresponds
very closely to the intersection between the WNWEE®nNding North Pyrenean Fault and the
NW-SE oriented Adour Fault (Mattauer and Henry,4)97

At the time of the shock, the sky promptly becamiewared with a reddish glow that shortly
disappeared, leaving again the sky perfectly clearthe road to Tarbes (now road N-117,
mentioned previously), about 30 km north of thecepter, a woman riding a horse towards



Pau suddenly observed a glow of light similar ¢ghihing. Her horse reared up and refused to
move forward (Piché, 1873; SisFrance, 2013).

Orihuela del Tremedal, Spain earthquake - 1848 Hiect8, 15h30 (16)

The Orihuela del Tremedal earthquake, MSK VI-VGN, 2013), occurred approximately 10
km to the WNW of the city of Orihuela del Tremedatar the western margin of the Jiloca
Graben. This structure is oriented NNW-SSE, andlegted to the rifting of the Valencia
Trough (Fontboté et al, 1990; Arlegui et al., 20R6bio and Simoén, 2006).

At Monterde del Abbaracin, approximately 20 kmhe SE of the epicenter, witnesses

testified seeing sparks spraying out of the citylsyas if there were electrical discharges
(Galli, 1910).

Chamonix, France earthquake - 1817 March 11, 21GPB)

The Mw 4.8 Chamonix earthquake (ECOS, 2013) waatémtapproximately along the Rhéne-
Simplon Fault. In the area, this fault is orien88W-NNE and is subjected to thrust
deformation, likely along a reactivated normal faflthe Valaisan paleorift, which formed
during the break-up of Pangea and creation of #thyE ocean in the Mesozoic (Coward and
Dietrich, 1989). Due to the strong curvature of wesstern Alps, reactivation movements along
the Rhone-Simplon Fault are interpreted as havaenthorizontal (i.e. strike-slip faulting) in
southern Switzerland, and vertical (i.e. thrusttfag) in eastern France (Schmid and Kissling,
2000).

During the earthquake, between 9 and 10 pm, anlightray moving downwards was seen

above Mont Blanc, which is adjacent and just toghst of the Rhone-Simplon Fault
(Montandon, 1948).

Sierre, Switzerland earthquake - 1946 January @534 :(18)

The Mw 6.1 Sierre earthquake (ECOS, 2013) occuthexttly within the Rhéne Valley, which
coincides approximately with the position of thedRb-Simplon Fault. This regional scale
structure appears to correspond to the northerih dihthe Valaisan paleorift, which formed
during the break-up of Pangea and inception offétys Ocean. In this area of southern
Switzerland, the E-W oriented Rhéne-Simplon Faulhterpreted to be undergoing horizontal
strike-slip deformation (Schmid and Kissling, 2000)

In Fleurier, 90 km NW of the epicenter, an intehget lasting about 5 seconds was observed
in the sky shortly before 18h00. Several seconits fw the first shock, a number of people
from Ormonts-Dessus (about 30 km to the WNW ofapieenter) witnessed a “meteor”
moving East towards les Diablerets, which look&d fian immense rotating sun” having a
fiery red central part surrounded by a shower atevbparks. Flames were also seen escaping
from the ground. In Brig, 35 km east of the epieelft.e. along the Rhone-Simplon Fault), a
witness who was outside at the time of the mairtlslexplained that “a detonation was heard
and then from the roof of the houses, burst outghbwhite luminosity accompanied by a
strange crackling sound in the air that lasted ab@aeconds” (Montandon, 1948).



Brig, Switzerland earthquake - 1755 December 93041119)

The Mw 6.1 Brig earthquake (ECOS, 2013) occurrezbaBB5 km to the ESE of the Sierre
earthquake. The earthquake was also located wilieiRRh6ne Valley, whichpproximately
corresponds to the trace of the Rhone-Simplon Fault

During the aftershock of March 3, 1756, at aboph¥, an “igneous meteor” was observed in
the sky from Berne (90 km to the NW of Brig), Veu@®p km to the WNW of Brig) and Aigle
(75 km to the W of Brig). Two days later, anoth#eeshock was felt in Brig, accompanied
again by the observation of an “incandescent glab&igle (Montandon, 1948).

Imperia, Italy earthquakes - 1887 February 23, @dm2ain shock), 06h30 and 08h5(20)

The Mw 6.29 Imperia earthquake (Boschi et al, 1985f)resents the greatest seismic event to
have occurred along the western coast of Ligurthénlast thousand years (Ferrari, 1991). The
epicenter was located approximately 20 km to thef&Be coast, along an offshore NE-SW
oriented normal fault (Ferrari, 1991; Eva and Rabich, 1997). This fault is part of a system
of coast-parallel active normal faults structunei igrabens and half-grabens, which formed
through back arc extension that developed behiad\thulian subduction zone (Augliera et al.,
1994; Rollet et al., 2002). Rifting was also asatad with significant volcanism in the basin
and on its southern margin.

The EQL observations came from 10 localities allatied along the shore of the
Mediterranean, except for the city of Acqui, whisi0 km inland and 90 km to the NNE of
the epicenter. Most of the reports talk about litgehes just before the shocks, but in one
case, on each of the three mornings before themsegequence. This, from Diano Marina :
“Just before sunrise a zigzag light was seen atoseards the E-ESE horizon. The light had a
bluish tint. Moments before the main shock, resisieh Loano (35 km NE of Imperia)
observed a red light in the sky that looked likkaene” (Tributsch, 1982).

In association with this earthquake, electricadeif$ at telegraph stations were observed in
Cannes (90 km SW of the epicenter) and in Nicek(@35W of the epicenter) as well as in
other localities adjacent to Imperia (e.g. Dianarilia, Oneglia; Tributsch, 1982). In Nice, for
example, at the moment of thd 8hock at 08h50 LT on February 23, an operatorivede
strong electric shock which threw him backwardkigichair and left him unable to move for a
few minutes. Just before this incident, the telpgrapparatus was creaking and jerking
(Poirier et al, 2008). Furthermore, Taramelli andrballi (1888) gathered reports of unusual
animal behaviour from over 130 communities locatpdo 150 km from the epicenter. About
20 % of these observations came several hours3{lL&.hrs) prior to the earthquake.

Reggiano (Parma), ltaly earthquake - 1832 Marcto¥hd of March (21)

The Mw 5.59 Reggiano (Parma) earthquake (Boschli 1997) occurred between the cities of
Reggiano and Parma, which are about 25 km apagtepltenter was located along an
important thrust zone associated with the nortleeashargin of the NW-SE striking
Apennines mountain chain, which in this area isamgding tectonic compression. The
Apennines initially formed as a NW-SE striking oeoic thrust belt, but starting about 3 Ma
ago until present, significant crustal extensios been taking place, with normal faults being



parallel to the older and often reactivated thfastts. The normal faults typically occur in en-
echelon systems and form half-grabens or grabegy(Btino et al., 1998, 2001). Extension
has been interpreted as being caused by eithdaimoebound, subducted slab retreat or
convective mantle upwelling possibly related to tfeaplume activity (Lavecchia and Stoppa,
1996; D’Agostino et al., 2001; Roberts and Mich&ti04; Lavecchia and Creati, 2006;
Papanikolaou and Roberts, 2007; Bell et al., 200i6¢. latter interpretation is supported by
abundant volcanic activity throughout most of ItHiat possesses mantle plume rather than
subduction related isotopic and geochemical sigedell et al., 2006). Although the
Reggiano area is located approximately 60 km to\tBeof the zone where crustal extension is
presently occurring, an important SW-NE to WSW-Ediiented lineament, called the La
Spezia-Reggio Emilia-Concordia Line, extends foeral00 km from the margin of the
Ligurian Sea to the thrust zone in the Reggiana #fazzini and Gelmini, 1982; Di
Giovambattista and Tyupkin, 1999; Elter et al., 200 his lineament, more or less orthogonal
to and cutting the Apennines mountain chain, isrpreted as a sinistral strike-slip shear zone
(Fazzini and Gelmini, 1982). It may represent atigated transform fault formed during
rifting/drifting of the Ligurian Tethys proto-ocean

On March 13, 1832, at Modena (35 km SE of the ep@®, a strong shock at around 03h30

was accompanied by a vivid flash. On the early nmgrof March 14, a moderate aftershock
felt at Parma was also accompanied by a flash i(G&8IL.0).

Calestano, Italy earthquake - 1898 March 4, 10H@2):

The Mw 5.07 Calestano earthquake occurred aboltrl® the SE of Calestano and 28 km to
the SW of the Reggiano (Parma) earthquake (Castedli, 1996). The epicenter was located
approximately 7 km to the NW of the Spezia-Reggmila-Concordia Line, a regional scale
lineament that bisects the Apennines mountain cfi@nzini and Gelmini, 1982; Di
Giovambattista and Tyupkin, 1999).

On March 4, 1898, at 22h07, a strong shock wadbiettll the inhabitants of the Emilia
Province and surrounding areas. From professoBBiassi (Galli, 1910) : “From San

Michele di Tiorre to Torrechiara (10-15 km northtbé epicenter), several people standing
outside alleged to have seen a sudden flash dfdigfilar to heat lightning along the horizon
(...). Rather than hearing thunder that should hailevfed, they heard a rumble and felt
themselves sway”. In Parma, this flash of light wks® seen by a few people. For example, a
few minutes after turning off his bedroom lightjarian was surprised by an intense flash
that lit his entire bedroom. Immediately afterward,was tossed violently in his bed, surprised
by the shock of an earthquake.

Bologna, Italy earthquakes - 1779 June to 1780 Maf23)

A series of earthquakes occurred during a periabofut 9 months in 1779-1780 in the
vicinity of Bologna. The main earthquake, Mw 5.6¢corred on June 4, 1779 and was located
approximately 15 km to the SE of the city centesgéhi et al., 1997). The general area of
Bologna is situated along the northern Apenninesntain front, where the crust is
undergoing coeval shortening and extension (Piaotti Pazzaglia, 2008). In light of the
coevolution of crustal shortening and extensiothéarea, it remains uncertain whether the
main earthquake was located or not along an exteakfault.



Starting on June 7, 1779, during the episode ohgtst quakes, a great quantity of fire balls
were seen at San Michele, in the Bosco hills, in2dthe south of the city center (i.e. just
outside the city walls). The fire balls were seismg from the mountain into the air with great
force; there were so many that it looked like ar'raf fire”. Some of them reached a diameter
of about 80 cm. They sometimes produced a hissingd; at other times they disappeared
with a detonation. On January 16, 1780, at 06h80l§efore sunrise), a man saw from his
window a one-meter wide ball of light rising frotretground to the height of his house. The
large luminous ball was whitish with numerous pgiatiges. The whole observation lasted
about 16 to 18 s. In 1779, tongues of flame wese aken issuing from the ground at about a
one foot distance from each other and rising teigtt of about 8 feet, where they coalesced to
form one great flame, and soon after disappeartédaniletonation (Galli, 1910; Montandon,
1948).

Camerino, ltaly earthquake - 1799 July 28, ~ 03h@3)

The Mw 5.93 Camerino earthquake of July 1799 oechiapproximately 5 km to the east of
the city of Camerino (Monachesi, 1987). The epidrarea is located between the northern
Apennines NNW-SSE oriented structural front, to¢lst, and a series of orogen-parallel
normal faults belonging to the Umbria fault systéothe west and south (Cello et al., 1997;
Colletini et al., 2006).

The EQL were observed within 15 km of the epicemdCamerino, during the mainshock,
flashes and streaks of light were seen in theAaiMatélica (15 km to the NNW of the
epicenter), standing on a neighboring hill, an Asime Father saw above the city a vertically
elongated, multi-coloured luminous mass havingstiepe of an amphora. At Pallorito (circa
San Severino, 10 km to the NE of the epicentegyeat ball of fire was seen drying out the
leaves of a tree when passing close by. At Cessiaybal, located 12 km to the ESE of the
epicenter, the tower of the church was surroungedl lball of fire (Galli, 1910).

Camerino, Italy earthquake - 1873 March 125)

The Mw 5.88 Camerino earthquake of March 1873 fgake approximately 15 km to the ESE
of the city of Camerino (Monachesi, 1987), aboukf®to the SE of the 1799 Camerino
earthquake. Both earthquakes are interpreted ag belated to displacement along different
normal faults.

From Pioraco, flames were seen escaping the gralong the flank of Monte Primo

mountain, located about 20 km to the NW of the expier, and ceased a few minutes after the
shocks. Note that the Monte Primo is located abhOukm to the NE of the Colfiorito Basin,
where a system of active normal faults are respts&or the moderate to high seismicity
observed in that area (Diaferia et al., 2008). hafter the earthquake, a bright reddish glow
of short duration lit up the landscape. At San GimeCamerino and Ascoli, at the time of the
shock, people saw a “column of fire” and a lighplesion in the Morello area, located 15

km to the east of the epicentral area. The coluriginated from the ground and spread itself
into the sky (Galli, 1910).
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Two other historic earthquakes associated with B@te also documented from the Camerino
area : 1) June 3, 1781, Mw 6.23; and 2) Februani&24, Mw 5.37 (Galli, 1910).

L'Aquila, Italy earthquake - 2009 April 06, 03h3QL descriptions only(26)

Here are some EQL examples from Fidani (2010):

- A yellowish-orange ball of light was observed sya Mount Ocre at the beginning of March
2009. The light was first seen midway along theKlaf the mountain, where it remained for a
while and then suddenly moved up to the mountgratad disappeared behind it. Note that a
normal fault passes along Mount Ocre.

- At 01h30, before the 03h32, April 6 main shockpan, while standing in the darkness of his
home near Pettino (about 4 km N of the epicenser), two white flashes reflecting on the
kitchen furniture. The second flash was as interssgaylight brightness and lasted more than
one second. Looking out at the window, he saw $tatfse sky and heard no sound.
Remembering an EQL summary he had read a few meattisr @nd possibly taking into
account the small shocks of MarghRe decided to take his family to a safer stgct&urther
on, he also noticed an abnormal increase of aipéeature outside compared to around 21h.
Note that the village of Pettino is situated altimg Pettino fault.

- While loading a truck near the village of Bazzdabout 8 km E of the epicenter), a man
suddenly felt a hot wind and saw an unusual brigiming-red glow masking the profile of
Mount Bazzano. Immediately after, he heard a radrfalt the shock. Note that this village is
situated along the Bazzano fault.

- In the historical city center of L’Aquila, smé&flames” were seen coming out of the stone-
paved Francesco Crispi Avenue. About 10 cm higky thiere standing some centimeters
above the street and lasted several seconds. $hedk‘flames” were seen simultaneously
seconds before the main shock of April 6. Otherlstiames” were also sighted above
cement or wooden utility poles in San Sisto, wédt' Aquila. Note that no burning traces
were later found by the author or the witnesseshpeacts over which flames were sighted.

- At the tail end of the main shock and afterwaedgjitness saw about ten brgrhall bolts of
lightning in a serene sky just above the towns ii$¢hia and Cansatessa (5-10 km N of the
epicenter). The bolts lasted about 10 seconds @nel described as noiseless, thin greenish-
blue electrical discharges that crossed each otnischia and Cansatessa are located near the
Mount Marino fault and are about 5 km apart.

Aquilano, Italy earthquake - 1461 November 27, ZPh@7)

The Mw 6.46 Aquilano earthquake (Monachesi and &li§st992) occurred approximately 20
km to the east of the main earthquake associatidthe 2009 L’Aquila seismic event. These
two earthquake events show clear similaritieshag tvere both associated with serious
damage at L’Aquila and to smaller cities locateth®s SE, and were characterized by a long
series of aftershocks, some of which were veryngt{®ovida et al., 2009). Furthermore, the
epicentre of the Aquilano earthquake was also émtatong the NW-SE oriented, SW dipping



Paganica normal fault, near the eastern margiheoAterno River Basin (EMERGEO
Working Group, 2010).

The castellan of Rocca di Calascio, during the trégial shortly before the earthquake, saw
over Mount Camiscia (located 12 km to the NE ofdbservation point) a large “fire-like”
luminosity that started to move towards L’Aquiladabased on its position, he estimated that
the earthquake occurred at the time the luminaosighed the city. Other people also saw this
gleam of light (Galli, 1910).

Molise (Isernia), Italy earthquake -1805 July 26h@0 :(28)

The Mw 6.57 Molise earthquake event occurred rfeacity of Bojano, in the Molise Region
(Giuliani et al., 2009 ; Boschi et al., 1997). Tdathquake was located along the NW-SE
oriented North Matese Fault System, which bordeesBojano Basin to the southwest. The
active normal faults which make up the North Matieaalt System were also responsible for a
1456 earthquake event as well as a 3 BC eventifRiwdt al., 2009).

The following description is from Galli (1910) : li€re were people, standing on the hill of our
PP. Camaldolesi Capuchin (80 km SW of the epicgntdro saw an underground lightning
jumping out from the center of the (shallow) LakarR, which is located 20 km to the NW of
Naples along the Tyrrhenian Sea; there were alsplpevho saw a current of electric fire
running on an iron hook to which was tied a ropleling two copper buckets used to collect
water from the well”. Note that this 500 meter hihich consists of a small volcanic cone, is
part of the Naples area volcanic field (Calcatetral., 2007).

Again from Galli (1910) : “There were also thos@ple staying at home, or in open country,
that felt considerable heat to their legs, froneayfdraft of air coming out of the room floor,

or out of solil. (...). In several places within tleisunty appeared everywhere igneous meteors
in the dusk of the evening, both days prior to ali as the same day of the earthquake. Some
of these “meteors” traveled on the ground in a wigdnanner the time of an arquebus shot,
and these events repeated themselves until tHegeake shock ended. At the time of the
earthquake, the summit of Mount Frosolone (Matessdi) appeared as if it was ablaze”.
Note that the Matese Massif is located directlthes SW of the North Matese Fault System.

According to Poli (1806), the relation of the lumirs phenomena with the earthquake is quite
clear, but it is complicated by the fact that aeonetshower occurred at this period of time (i.e.
Delta Aquarid, 28-29 July). Therefore, care wa®takere not to take into account this type of
sighting. Note also that Mount Vesuvius becamevacti7 days later, that is on August 12,
1805 (Nostro et al., 1998).

Irpinia, ltaly earthquake - 23 July 1930, 01h@29)

The Mw 6.72 Irpinia earthquak@lfano, 1931; Boschi et al., 199Was located in the most
seismically active part of the Southern Apenningegler et al., 2007; Esposito et al., 2009),
about 5 km to the north of the city of Bisaccia.lddst two foreshocks (23h30 on July 22;
00h30 on July 23) preceded the main shock, andshfieks having destructive effects
occurred until 1931. The Southern Apennines arehasacterized by an extensional stress
regime, with the dominant mechanism being normaltifeg (Weber et al., 2007).
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EQL were reported from several localities surrongdhe epicenter, mostly towards the W,

NW and N, the farthest being Naples (towards theM)fessor G. B. Alfano, director of the
Meteorologic and Geodinamic Observatory in Pomegiprted the EQL under the section “Il
lampo sismico” (Alfano, 1931), i.e. seismic liglgirand, more recently, Esposito et al. (2009)
briefly referred to them in their paper. Here avene examples among the 20 selected sightings
reported by Alfano (1931) (in brackets is the dis&afrom the epicenter) :

- Under a serene sky, a lightning flash was seémwiaho di Puglia (30 km to the NW), two
hours before the 01h08 main shock.

- A countryman, while standing in the outskirt gidedonia (epicentral area), saw between his
position and the city a terrifying flame appearo®arfter, the houses collapsed.

- At Frigento (25 km to the W), near Gesualdo aanié-like, violet-colored light came out of
the ground.

- At San Agata di Puglia (15 km to the N), a witheaw a lightning bolt linking one mountain
to another.

- At Cusano Mutri (80 km to the NW), a lightning$h was seen by some shepherds keeping
their herds.

- After the end of the shocks, Professor Alfano savous lightning flashes in the sky over
Naples (90 km to the W). One of his relatives régubto him that, while being at the Plebiscito
Piazza in Naples, at the peak of the shocks, hesurgsised by “flames” coming out of the
stone-paved Piazza.

Ljubljana, Slovenia earthguake - 1895 April 14, 23h(30)

The Mw 6.25 Ljubljana earthquake (Boschi et al, Z)98ccurred along the southern edge of
the Gorenjska basin, which is interpreted as aapalrt, transtensional basin that formed
between the NW-SE oriented Sava and ZuZemberlesttig faults. Asymmetric depressions
situated 10 km north of Ljubljana are interpretechalf-grabens that subsided along NNE-
SSW trending master faults (Vrabec and Fodor, 2006)

During the night of April 14 to 15, in the plain bjubljana (Laibach), faint lightning bolts
were seen escaping from the ground. During the saghe, in another district, a few people
standing on high ground saw in the valley belowdigpamoving, milky white luminous rays
(Montandon, 1948).

Mér, Hungary earthquake - 1810 January 14, 181{389):

The Mw 5.2 M6r earthquake (Zsiros, 2004) represtmdargest registered seismic event to
have occurred in Hungary (Csepregi, 1995). Theespér was located within the Mér Graben,
a 5-7 km wide by 40-50 km long, NW-SE oriented agtenal structure that transects the NE-
SW trending Transdanubian Range in its central (pardor et al., 2005a).
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A few luminous phenomena were observed by a langeber of people. For example, in
Iszkaszentgyorgy, Fehérvarcsurgo and Csakvarhailigmination appeared at the time of the
first earthquake. On February 12, at about 21huaderous lightning bolt and a vertical shock
occurred simultaneously, as reported by peoplesptan the outdoors. Furthermore, people
from Csakberény, traveling at night from Fehérvarge and having felt previously numerous
shocks, observed an “igneous phenomena” in thetdireof Bodajk (i.e. southwestern edge of
the Mér Graben). Since this illumination lastedad time, had a variable intensity and
dispersed light over a large area, they believedg simply a fire, but this was later found to
be false. Also noteworthy is the observation madalmerous people from the top of Mount
Csoka (northeastern edge of the Mér Graben), whorted seeing many light glows. On that
occasion, Capucin fathers reported that a lightiairto lightning, but brighter, was seen
shooting up into the sky (Kitaibel and Tomtsanyi14). Note that the above locations are all
situated within, or at the edge, of the Mor Gratewept Csakvar which is located 22 km east
of Mér along a late Miocene normal fault, whictpert of the Vértes fault system (Fodor et al.,
2005b).

Aigion, Greece earthquake - 1995 June 15, 03t33):

The Mw 6.4 Aigon earthquake struck the western pfthe Gulf of Corinth (Lekidis et al.,
1999). The Gulf of Corinth is one of the most secatly active rifts of the Aegean, presently
undergoing crustal extension. The epicenter wastdacalong the northern margin of the
Corinth Rift, approximately 3 km to the west of &ma Aigion is located along the south shore
of the Gulf of Corinth, some 12 kto the SSE of the epicenter, and is traversed &¥thV
striking, northerly dipping Aigion normal fault (Beard et al., 1997). Where the fault reaches
the Gulf, about 5 km to the east of Aigion, a sea€E-W trending pockmarks are observed
along the bottom of the water (Soter, 1999; Chdstdou et al., 2003).

A total of 5 EQL sightings were reported from teathquake. From the Aigion area, three to
four hours before the shock, a bright-red glow se&en in the sky towards the southeast.
Around midnight the following night, a red metedkel ball was observed moving from south
to north. About five minutes before the earthquakeery loud wind-like sound was heard
even though there was no wind. From the Eratira,aadlash of light was seen at sea (Gulf of
Corinth) a few seconds before the shock was feliglit running from near the shore out to the
sea was also observed during the quake. Furthermavater vortex and a lightning-like flash
were seen near the surface of the sea about 2@ondbéhe central harbor mole. At the same
time, a “whooshing” sound was heard, which was idliately followed by the earthquake
(Soter, 1999).

lerissos-Chalkidiki, Greece earthquake - 1932 Sebéz 26, 21h21(33)

The Ms 7.0 lerissos-Chalkidiki earthquake occuiredorthern Greece, in the southeastern
part of the Chalkidiki peninsula (Pavlides and T®n991; Nalbant et al., 1998;
Papadopoulos, 1999). The event was followed byeteteng M> 6.0 aftershocks on
September 26 and 29, 1932, and May 11, 1933. Titlegemke was located along the E-W
striking Stratoni normal fault. Regional deformatio the Aegean Sea is related to back arc
extension and formation of the North Aegean Tro(Rgwlides and Tranos, 1991; Nalbant et
al., 1998).
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Light phenomena accompanied the main shock. Degnrgpgiven by old workers of 30

villages suggest that the “lightening” startedhest €astern edge of the normal fault and
propagated westward. It is generally accepteditlufines the seismic rupture propagation
(Pavlides and Tranos, 1991). At the time of theheprake, a gleam of light was briefly
observed in the atmosphere above the open sea (&utlf of lerissos. According to an eye
witness, a “circular flashing gleam” was observadrmj the earthquake (Papadopoulos, 1999).

Aaqgios Efstratios, Greece earthqguake — 1968 Febr2@r90h46 (34)

The Ms 7.1 Agios Efstratios earthquake occurretthenAegean Sea, about 10 km to the south
of the Agios Efstratios Island. The epicenter wasted along the northern edge of the Skyros
Basin, and the focal mechanism indicates right-#dt&E-SW oriented transtensional faulting
related to the North Anatolian Fault System (Padidnd Tranos, 1991; Nalbant et al., 1998;
Papadopoulos, 1999; Ganas et al., 2005).

It was reported to the author (Papadopoulos, 189%) teacher from the Agios Efstratios
Island that a few seconds before the earthquakentanse roar was heard, something like a
strong wind blow, and immediately after, a flaspegred, and then the earthquake took place
2-3 seconds later” (Papadopoulos, 1999).

Vrancea, Romania earthquake - 1940 November 14M3B5)

The Mw 7.7 Vrancea earthquake of 1940 was locgdpdoximately 160 km to the NNE of
Bucarest and 100 km to the ENE of Brasov. The jposdf the hypocenter was evaluated at a
very significant depth of 133 km (Voitesti, 1941edervari, 1977). The earthquake occurred
within the Vrancea seismic zone, a 30 km wide by ki@ long, NE-SW oriented area where
intense seismic activity is taking place. This zan®und along the sharp bend defined by the
southeastern Carpathians, and is characterizedryydeep focal depths generally ranging
between 60 and 180 km. The earthquake epicentets atong very steeply dipping fault
planes that are interpreted to represent the mafgirvertical paleo-subducted plate (Enescu
and Enescu, 2007). The outer Carpathian arc iscteaized by numerous radially distributed
normal and strike-slip faults, the most importané® being (from NE to SW): the Bistrita,
Trotus, Peceneaga-Camena, Capidava-Ovidiu andrio@rsian faults (Fielitz and Seghedi,
2005; Hauser et al., 2007). West of the Vrancesngeizone, within the inner Carpathian arc,
a series of pull-apart extensional basins are ptesach as: 1) the Brasov Graben system; 2)
the Bilbor/Borsec-Gheorgheni-Ciuc Graben systerd; 3rthe Fagaras Basin (Fielitz and
Seghedi, 2005; Fugenschuh and Schmid, 2005). Brtenss likely related to the intense
volcanic activity in the area, which was synchrahauth the formation of the graben
structures.

Following a call to the public made in the presd an the radio, more than 200 light
observations were gathered (Demetrescu and PetrE342; Hedervari, 1977). Here is a
summary of the types and number of observatio2stotal or partial sky illuminations; 51
lightning-like luminosities; 34 luminous arcs, stks or bands; 18 globes or patches of light,
often with sparks; and 31 flame-like lights. Mogjigings were observed during the main
shock, with nine sightings being made before tluekhand six after.
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Here are some examples of lights seen at closeran@ucharest, lightning was seen coming
out of the ground in the yard of a building. At Gtanza, three small lights were seen crossing
a bedroom. All the eyewitnesses certified that mmtscar was found afterwardsist south of
Brasov, small lightning-like flashes were seemgsirom the foot of the Tampa Mount to its
summit (Demetrescu and Petrescu, 1942).

The radius of EQL observations is about 225 km ftbenepicenter, which was located near
Focsani. Most of the observed EQL are from outthéeCarpathian arc (i.e. to the south and
southeast), except those observed in Harman, Beast¥agaras, which are located to the
west and southwest at respectively 90, 100 andk@bfiom the epicenter. Those three
localities are situated within two graben strucsupéthe inner Carpathian arc, namely the
Brasov and Fagaras grabens (Fielitz and Seghe@h,) 20

Along with the 1940 seismic event and the 1977deseribed below, a third earthquake is
reported to have occurred in the Vrancea areasiocéstion with luminous phenomena. This
historic earthquake took place on January 23, 1838 had a magnitude (M) of 7.5
(Hedervari, 1977).

Vrancea, Romania earthquake - 1977 March 04, 21(3%)

The Mw 7.4 Vrancea earthquake of 1977 occurredaqimiately 10 km to the NNE of the
1940 seismic event (Mantyniemi et al., 2003). Aghwather earthquakes from the Vrancea
seismic zone, the epicenter was of intermediatéhd@e. 94 km).

The press and radio did not make any public requestEQL reports for this earthquake, as
was done in 1940. But some interesting sightingdemia March 1977 later came to the
attention of Hedervari (1984) : Mr. M. H. Danciuhie trekking on mountains near Cernatu,
about 10 km SE of Brasov (i.e. along the southesrgin of the Brasov Graben), saw
vertically elongated whitish “lights” at close ranbanging a few meters over the mountains.
The time was about 4 p.m., thus, still day timedéteari, 1984; St-Laurent, 2000). This
incident occurred on (or around) March 23 during skries of aftershocks of the March 4
earthquake. From Ploiesti, 10 to 15 minutes aftembhainshock, a spark or lightning-like
phenomenon exhibited itself over about half ofgke. There were also many reports of
anomalous animal behaviour within about 250 km ftbmepicenter. For example, hundreds
of earthworms were seen everywhere in Cluj hatiyaliefore the main shock, although there
was no rain (Hedervari, 1977).

Along with the 1940 and 1977 seismic events, atearthquake is reported to have occurred

in the Vrancea area in association with EQL. Thssdnic earthquake took place on January
23, 1838, and had a magnitude (M) of 7.5 (Hederi&77).

North Kattegat, Denmark earthquake — 1759 Dece@bed0h45 (37)

The Ms 5.4 - 5.6 North Kattegat earthquake wastéutan the Bay of Kattegat between
northern Denmark and Sweden (Muir Wood, 1988). Jéreeral area is characterized by Late
Carboniferous to Permian sedimentary basins tmatéd during regional rifting in the eastern
part of the North Sea (Thybo, 2000; Heeremans ateide, 2004).
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EQL were seen at a number of places. At Tonsbeogyaly, about 200 km to the north of the
epicentral area, there was a whistling in theaaid a “ray of fire” appeared in all quadrants
and drifted from south to north. Note that Tonsksrgcated in an area of significant normal
faulting related to the formation of the Oslo Graljeleeremans and Faleide, 2004). In the
northern part of the island of Fyn, Denmark, atizifd km to the SSW of the epicentral area,
those who ran out under an open sky immediatelgviahg the tremorsaid that there were
several powerful flashes similar to lightning (MM#ood, 1988). The island of Fyn is
transected by a few major NW-SE oriented normadltdahat are part of the Late
Carboniferous-Permian basins of NW Europe (Heersmad Faleide, 2004).

Central Finland earthquake - 1931 November 16,205k38)

The Mm 4.3 Central Finland earthquake was locatdtieé southern part of Finland
(Mantyniemi, 2004). The presence of widespreadkizpgranite complexes and extensive
diabase dike swarms, which are spread over anoa&z0 by 800 km between Western Russia
and Sweden (and centered over Southern Finlarel)ntarpreted as representing a broad rifted
area comprised of many localized narrow rifts (laaf al., 2001; Haapala et al., 2005).

On November 16, the morning of the earthquakeskiyevas fully clouded and a magnetic
disturbance was reported. A total of 41 sightingseacollected for this earthquake, all within a
175 km radius from the epicenter. In 14 reports,|ltiminosity was described as lightning
without thunder. Some lights were also compardaetmms or to an illumination of the
atmosphere, sometimes bright enough to light ugpanrfor a moment. Most of the
observations were co-seismic, but a few have begoed prior to the main event, or

following it (M&ntyniemi, 2004). In light of the perted magnetic disturbance on the morning
of the earthquake, it is difficult to estimate howany of the 41 sightings could be related to
solar activity.
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