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Abstract. Analysis of the 2007M5.4 Alum Rock earth-  broke. These magnetic and air conductivity pulse signatures
quake near San Je<California showed that magnetic pul- resembled both the laboratory rock stressing results and the
sations were present in large nhumbers and with significanB0 October 200/5.4 Alum Rock earthquake field data.
amplitudes during the 2week period leading up the event. The second part of this paper examined other California
These pulsations were 1-30s in duration, had unusual poearthquakes, prior to the Alum Rock earthquake, to see if
larities (many with only positive or only negative polarities magnetic pulsations were also present prior to those events.
versus both polarities), and were different than other pulsaA search for field examples of medium earthquakes was
tions observed over 2 years of data in that the pulse sequengeerformed to identify earthquakes where functioning mag-
was sustained over a 2week period prior to the quake, andetometers were present within 20 km, the expected detec-
then disappeared shortly after the quake. A search for théion range of the magnetometers. Two earthquakes identi-
underlying physics process that might explain these pulse$ied in the search included the 12 August 199%.1 San

was was undertaken, and one theory (Freund, 2002) demorduan Bautista (Hollister Ca.) earthquake and the 28 Septem-
strated that charge carriers were released when various typédser 2004M 6.0 Parkfield Ca. earthquake. Both of these data
of rocks were stressed in a laboratory environment. It wassets were recorded using EMI Corp. Model BF4 induction
also significant that the observed charge carrier generatiomagnetometers, installed in equipment owned and operated
was transient, and resulted in pulsating current patterns. In aby UC Berkeley. Unfortunately, no air conductivity or IR
attempt to determine if this phenomenon occurred outside oflata were available for these earthquake examples. This new
the laboratory environment, the authors scaled up the physicanalysis of old data used the raw time series data (40 samples
experiment from a relatively small rock sample in a dry lab- per s), and examined the data for short duration pulsations
oratory setting, to a large 7 metric tonne boulder comprisedhat exceeded the normal background noise levels at each
of Yosemite granite. This boulder was located in a natural,site, similar to the technique used at Alum Rock. Analy-
humid (above ground) setting at Bass Lake, Ca. The boulsis of Hollister magnetometer, positioned 2 km from the epi-
der was instrumented with two Zonge Engineering, Modelcenter, showed a significant increase in magnetic pulsations
ANT4 induction type magnetometers, two Trifield Air lon above quiescient threshold levels several weeks prior, and es-
Counters, a surface charge detector, a geophone, a Brukgecially 2 days prior to the quake. The pattern of positive
Model EM27 Fourier Transform Infra Red (FTIR) spectrom- and negative pulsations observed at Hollister, were similar,
eter with Sterling cycle cooler, and various temperature senbut not identical to Alum Rock in that the pattern of pulsa-
sors. The boulder was stressed over about 8 h using expantions were interspersed with Pc 1 pulsation trains, and did not
ing concrete (BustdF), until it fractured into three major start 2 weeks prior to the quake, but rather 2 days prior. The
pieces. The recorded data showed surface charge build uparkfield data (magnetometer positioned 19 km from the epi-
magnetic pulsations, impulsive air conductivity changes, andcenter) showed much smaller pre-earthquake pulsations, but
acoustical cues starting about 5 h before the boulder actuallyhe area had significantly higher conductivity (which atten-
uates the signals). More interesting was the fact that signif-
icant pulsations occurred between the aftershock sequences
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Comparing laboratory, field experiments with a boulder, was then compared against similar signals (magnetic pulses
and earthquake events, striking similarities were noted inand IR) detected at the 30 October 2Q@5.4 Alum Rock
magnetic pulsations and air conductivity changes, as well agarthquake event.

IR signals (where instrumented). More earthquake samples, The second objective of this paper was to re-examine sev-
taken with the appropriate detectors and within 10-15 kmeral archived earthquake events that were fortuitously located
proximity to large & M5) earthquakes, are still needed to near magnetometers and had raw time series data over sev-
provide more evidence to understand the variability betweereral years that could be examined for magnetic pulsations.
earthquakes and various electromagnetic signals detecteflvo earthquake data sets were identified, one for the 12 Au-
prior to large earthquakes. gust 1998 San Juan Bautistss.1 earthquake near Hollister
California (Berkeley SAO magnetometer data set for 1997—
1998), and one for the 28 September 2004 Parkfield, Ca.
) M6.0 quake (Berkeley PKD magnetometer data set from
1 Introduction 2003-2004). Section 4 of this paper describes this analysis.
The theory of charge carriers (Freund, 2006, 2007) would
A number of papers have reported various electromagnetigyedict that both the boulder experiment and the 2 addi-
signals being detected prior to large earthquakes. These iniona| earthquake data sets should indicate magnetic pulsa-
clude theM7.0 Loma Prieta, Ca. quake in 1989 (Fraser-tions recorded in the local magnetometer instruments, and
Smith, 1990, 1991), Izu Islands earthquake swarm, Japaghe signatures (pulse shapes and polarities) should be simi-
(Hattori, 2004), and thé/5.4 Alum Rock, Ca. quake in 2007 |5y, This above ground boulder was a first step in examining
(Bleier, 2009). In addition, work has evolved trying to ex- in sjtu rock responses to stress. In the future, an additional
plain the underlying physics involved with these electromag-rock stressing experiment is being proposed for an area sev-
netic signals. Two theories have been cited recently. Theg| thousand feet below the ground at the Deep Underground
first is based on the release of Radon gas prior to the earthgsjence Experiment Laboratory (DUSEL), located at the for-
quake, which may then cause air conductivity changes, lamer Homestake gold mine in Lead, North Dakota. There, the
tent heat/IR signatures, and ionospheric changes (Liu, 2004ress levels, heat, moisture, and boundary conditions may be

Ouzounov, 2007). The second theory is based on semiconsyen closer to actual earthquake hypocenter conditions.
ductor physics, and cites the existence of stress-induced mo-

bile charge carriers (p-holes) in the rock structure that cause

active current pulses within rocks, corresponding magnetio  Boulder experiment

pulsations, air conductivity changes near the ground, Infra

Red (IR) signatures within a wider area, and Total Electronin multiple laboratory rock stressing experiments (Freund,
Content (TEC) changes in the ionosphere above the epicent@006), there was evidence of pulsating currents occurring as

(Freund, 2006, 2007). detected with nano-ammeters. Figure 1 illustrates the current
There were no radon detector data sets that could be foungignatures that were observed when granite was compressed.
to try to correlate with California earthquakes. Figure 2 shows a 7 metric tonne boulder, comprised of

The first objective of this paper was to devise an experi-Yosemite granite, and located at 37.2943N1L atitude and
ment that could test the semi-conductor theory under more-119.520182W Longitude near Bass Lake, Ca.
“normal” outside conditions rather than temperature and hu- The boulder was prepared by drilling an array of four 5cm
midity within controlled laboratory experiments. Based on diameter by 1.1 m blind holes pattern, along the centerline of
the initial results from the laboratory experiments by Freund,the boulder, and subsequently left to dry and redistribute the
we decided to “scale up” the experiment and determine ifStress over a 3 week quiet period. This is shown in Fig. 3.
these same semiconductor effects could be detected with The boulder was then instrumented using two Zonge Eng.
much larger samples, located in a natural setting, with naturaModel ANT4 induction type magnetometers, two Trifield Air
humidity and temperature conditions of a field location. The lon Counters, a “capacitor-type” surface charge detector (ap-
authors had access to a large 7 metric tonne boulder, corrprox. 30 cm square copper sheet and an interstitial mylar in-
posed of Yosemite granite, at a construction site near Bassulator sheet, a 4Hz geophone, a Bruker Model EM27 IR
Lake, Ca. The authors collaborated to instrument the boulspectrometer with Sterling-cycle cooler, and 3 temperature
der with magnetometers, air conductivity and surface chargeensors (one mounted in the center hole, one mounted on the
detectors, and a Sterling-cycle cooled IR spectrometer. Thé&ast face, and one mounted on the West face of the boulder).
2m by 1.5m by 1.5m boulder was located on a hillside, in Figure 4 illustrates the approximate layout of the sensors.
the open, and thus subject to local humidity and tempera- During the boulder experiment, the Air lon Detectors were
ture variations throughout the day and night. This experi-set to a maximum of 199910° ions per cc per sec flow rate.
ment will be described in sections 2—3 of this paper. TheOne meter was set to negative polarity (and worked well),
infra red (IR) energy detected from the boulder while underand the other was set to center position (which at the time we
stress will be addressed in future paper by Freund. This datthought was “both” polarities, but actually did not register
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Bleier (right). currents} ‘

. . e . _ Fig. 4. A schematic view of the boulder and instrument layout,
either polarity). The two Trifield Air lon detectors were lo North is left, and South is right.

cated near the top of the boulder, suspended approximately

20 cm above the north and southern portion of the boulder.

The magnetometers were located on the ground, in shallow The expanding cement (Busti) was added at 10 p.m. at

trenches, approximately 1 m north and 1 m to the south of thenight and allowed to cure, continuously expanding until the

boulder, with the axis of the magnetometer pointed towardboulder fractured around 05:30 a.m. the following morning

the base of the boulder. Two temperature sensors were loas shown in Figs. 5 and 6.

cated on the East and West faces of the boulder respectively, The boulder started to become electrically active around

while one sensor was lowered into a central bore hole, to @ h into the test at approximately midnight, and simultane-

depth of approximately tcenter of the rock. Note this sensorously, the magnetometer, air conductivity, surface charge

functioned temporarily until the expanding concrete crushedsensor, and geophone all showed active signals.

the sensor, and from then forward, the center temperature figure 6 shows the various signatures around midnight.

data was unusable. A negative power supply failed around 2 a.m. affecting the
operational amplifier circuits, but the main signals were

www.nat-hazards-earth-syst-sci.net/10/1965/2010/ Nat. Hazards Earth Syst. Sci., 1097963610



1968 T. Bleier et al.: Correlation of EM data with lab/field experiments

T%‘l T

T Pwr. Supp.
. Pour Failure
T Cement 02 AM Rock
22:00 ] Fracture
Connect Cal Signal 06:24:34
Instruments Start EM Activity
20:00 24:00

Fig. 6. Experiment timeline on 20—21 August 2009.

Fig. 5. The boulder shown split into 3 major pieces along the plane
defined by the hole pattern.
3 Comparison of rock experiments with Alum Rock
earthquake field data

recorded before that time. The activity on the magnetomete
channels at the times of the instrument setup and the pouring’

of the expanding cement were due to the team walking paskigyre 11 illustrates the types of pulses observed during the
the magnetometers with cellphones and metal tools. Oncgqgyider experiment (bottom panel), and sample prior to the
the team vacated the area, the magnetometer signals revertegg7 Alum Rocki5.4 earthquake (top panel). The bottom
to the normal background signals. Unusual signals starte(il)ane| represents a single pulsation, while the Alum Rock sig-
just before the midnight calibration signal, and went quiet hature is a series of single pulsations, merging into a strong
afterward until the magnetometer channels became inoperas;yster that persists for almost 150 s. Many of the individual
tive when the power supply failed at 2a.m. pulses in Alum Rock data are similar in duration to the single
Figure 7 shows the magnetic pulses and their durationspulse in the boulder example.

The sinusoidal wave on the right of the time span is the start An inspection of the data was used to set a minimum
of the 5min long, 0.8 Hz calibration signal sent to the mag- threshold for detecting and counting these pulsations in or-
netometers every midnight. The 3 pulses (widths) are longeder to not count normal background noise.

than lightning, typically 0.1 to 0.5s, and coincident with the A pulse duration threshold was set to ignore all pulses
other EM signals detected when the boulder started to meshorter than 1s. to eliminate power line switching noise
chanically fail. and occasional lightning strikes (those that could be detected

Figure 8 illustrates the geophone vibrations, also detecte§!0Ser than 150km). The next pulse threshqld_ was an e?mp"'
tude level threshold that was selected to eliminate vehicular

near midnight. The magnetometer calibration sine wave d oth d ise in the local Usi h
packet is also detected as crosstalk in the geophone s:ignﬁ‘ln c_)t €r man-made noise in t_e ocal area. 1’sing such an
wiring, but also serves as a time reference. There appears mplitude threshold (red dotted lines) representing twice (2x)

be two mechanical/vibration events for each magnetic pulset._ e peak local man-made noise measured at that site loca-

) i N o ~ tion, any pulses larger than the threshold were counted each
Figure 9 illustrates the positive and negative ion pulsationsyay and stored. Coordination with the site’s landowner, in-
detected, near midnight. spection of the pulse activity, and correlation with the co-
These large concentrations of ions are unusual in that thercated geophone instrument allowed the man-made noise
are periods of predominately positive ions and other periodgo be identified (e.g. construction activity and farm imple-
of predominantly negative ions. The pulse periods are shortment movements.) When the known human noise periods
and the pulsations stopped around 4 min after midnight.  were identified, the contaminated noise periods were masked

Figure 10 below shows the surface charges detected witffOM the pulse files so the long term pulse activity would
an improvised “capacitor” type charge detector and a volt-not be contaminated. Figure 12 illustrates this process, and

meter during the stressing period. Until midnight, the charge®/SC Shows the nature of some of the non-man made pulse

concentration appears to be positive. Then at midnight2CtVity. “BART" in Fig. 12 refers to Bay Area Rapid Tran-

something changes and the net charge changes to negati§g trains that generate ULF noise which can contaminate the
until the boulder ruptures at 05:30 PST (06:30 PDT). signal.

Comparison of magnetic pulses
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Fig. 14. Alum Rock ionization history for October 2007.

The result of counting these pulses at East Milpitas (2km Figure 14 Air lon particle concentrations measured from
from the earthquake) is shown in Fig. 13: the pulse history20 cm above the boulder.
shows that the fault had multiple periods of activity (high  During the boulder experiment, the weather was warm and
pulse counts), but that most of the periods were short (1-dry with no thunderstorm activity within hundreds of kilo-
3days). The discriminator prior to the quake was that themeters of the test site. Weather conditions from 20:00 PDT
pulse activity continued for almost 14 days before the fault20 August to 05:30 21 August were 20G to 16.0°C with

activity “avalanched” into an earthquake event. the barometric pressure at 757 mm Hg (28-8) and slowly
_ _ o rising. There were no fog, clouds, or thunderstorm activity
3.2 Comparison of air conductivity present that could contaminate the test. The air ion activ-

] S n ity was negligable before and immediately after the instru-
The air conductivity in the lab was difficult to measure due to yent setup and into the stressing period. When ion signals

the small sample size and shielding components. There werg,qgenly started occuring near midnight, the ion signatures

IR emissions, so it is plausible that there was air ionization. ~qid not be explained by any local activity (natural or hu-
Taking measurements near the boulder in the field WaSan) other than the rock stressing activity.

straight forward. Two digital Air lon detectors were installed
near the sample. The negative ion meter’s data is shown in
Fig. 9.
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Normalized EM Comparison 5.4 4 Search for other earthquake field magnetometer
data comparisons
oo Bl i
g oo N ol The 30 October 200/5.4 Alum Rock earthquake data rep-
S g4ln VRN [ A — resents a single case where detailed analysis of the time series
E 02 | LA | —=—Pulses and pulsation history of a site exists for a 2 year period. In the
g 01 —+—Air Cong case of the 17 October 1988,7.0 Loma Prieta earthquake,
o
=z

-0.2

T Fraser-Smith was not able to store the raw time series mag-

- \ S A .
g; ‘ . i netometer data, and therefore individual pulses could not be
o 5 10 5 20 25 30 identified and counted using the QuakeFinder pulse counting
Days (Oct 2007) method. However, California had two other cases of full time

series recordings of magnetometer data: the 12 August 1998,
Fig. 15. Comparison of 3 independent electromagnetic indicatorsM5.1 San Juan Bautista earthquake at Hollister Ca. where
prior to the Alum Rock earthquake. the data from the SAO site was recorded by the Seismo-Lab
at UC Berkeley, and the 28 September 20045.0 Parkfield
earthquake where the magnetometer data was recorded by
the PKD site, also by the Seismo-Lab at UC Berkeley. Pre-

Next, we compared this test with an actual earthquake datyious papers from Stanford and USGS reported no signifi-
set. The Alum Rock field ionization data for a one month cant magnetometer signals were present at these sites prior
period prior to the earthquake is shown in Fig. 14 above. The© the earthquakes. The Parkfield6 analysis showed no
spacing of the pulses in Fig. 14 on the right side start to gegignificant magnetic field changes (Johnston, 2008), but the
close together, and on a larger time scale, could be seen thagnetometers utilized were total field magnetometers (Pro-
appear as a single saturated signal. ton Precession) with slower sampling rates. The San Juan

Figure 14 shows both individual conductivity pulsations Bautista analysis (Karakelian, 2002) reported only minor sig-
(sharp spikes) as well as periods of totally saturated readingdals, but the data collection method again used 30 min aver-
The red “X” delineates contaminated data due to rain (highages or 1 min averages (1 min averages actually showed some
humidity) causing vapor condensation on the sensor plate#iteresting signal increases in the Karakelian paper). The use
and resulting in false signal current. of 1 to 30 min energy averages is a good technique if the

All these EM indicators (magnetic pulses and air conduc-Signals are continuous. However, when the signals are infre-
tivity, as well as IR observed over earthquake areas, namelfguent 1-10's pulsations, this method tends to “average out”
the night time IR temperature slope as detected by the GOE#€ signal amplitudes over the 60-1800 s sample periods.
weather satellite using its IR camera) are influenced by noise In our analysis, we obtained a two year raw data record
in the data (e.qg. noise such as lightning in magnetic data, higlef each of these sites before their respective earthquakes and
humidity in air conductivity data, and clouds in the IR data). performed the same pulse analyses as the Alum Rock event.
One way to reduce the effect of individual noise contributors Background noise was identified by observation, and thresh-
is to observe all three EM indicators over the same area an@ld limits were set at 2X these noise readings.
time to see if they occur simultaneously. The raw time series for Hollister site is shown in Fig. 16

Figure 15 illustrates the combined pattern of the pulsesfor selected days around the 1998 earthquake.

IR and air conductivity, normalized to their highest readings ~ In the Hollister data, episodes where there were man-made
(where the ratio = 1.0 for the highest reading for that indica-noise segments (e.g. the site was down for maintenance and
tor). people were walking around the site) were identified and ex-

In Figure 15, we sought to determine if there were corre-cluded from the pulse counting data base. Large solar storms
lations among 3indicators: magnetic pulse counts, air con{Kp > 7) were identified and the resulting noisy segments
ductivity, and Infra Red. The fact that they all appeared towere also excluded. These segments are identified in the list
peak at the same times (14 days prior to the quake and thghown at the left side of Fig. 17.
day just prior to the quake, is interesting and may allude to Similar episodes of pulse activity to the Alum Rock case
some combined effect from the existence of the charged parcan be seen, with the largest being 2 days prior to the Hollis-
ticles generated in the sub-surface area near the earthquakier quake.

Other indicators could be added to increase the robustness 10 August (2 days prior to the quake) showed a large pulse
and confidence levels of this correlation search, e.g. eartheount (count=801). A more detailed examination of the time
guake swarms, earthquake lights, ionospheric (TEC) changeseries showed many short pulsesl(s) in the waveform, in-
above the epicenter area, cloud patterns, underground watéerspersed with a large, varying sine wave that appears to be
level changes, chemical or gas changes, etc. a Pc 1 micropulsation train. The Kp values wet8.8 for
the 2days prior, so we did not expect to see any Pc 1 ac-
tivity during that time. However, a similar large Pc 1 train
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Fig. 17. One year plot of pulse activity recorded at Site SAO, 2 km from the earthquake epicenter.

occurred prior to the Parkfield quake, also during a quiet sothese Pc 1 micropulsations and constrain the pulse detector
lar period. We do not have an explanation for this, but it algorithm to count single pulses and ignore Pc 1 sinusoidal
appears that normal geomagnetic activity (e.g. faint Pc 1 actrains even during these periods of minor solar activity.
tivity during low Kp periods) is somehow amplified priorto  Another difference between Alum Rock and Hollister (San
both earthquakes. One theory is that the ionosphere is thinJuan Bautista) quakes is that a longer sustained pulse se-
ning out (negative particles are drawn closer to earth), andjuence (e.g. 14 days) did not occur as in the Alum Rock
the ionospheric waveguide is changing such that a faint Pc Tase. Hollister area is known as a highly broken area where
can “leak” down to the ground area and be detected easier bthe San Andreas joins with the Calaveras faults, and subse-
the ground-based magnetometers. quently, there are typically many smaller earthquakes where
Our counting technique now does not distinguish betweerthe fault ruptures more often, and does not frequently build
the individual pulses (as in Alum Rock), and the longer Pc 1up to a large #6+) stress levels. Finally, the large spike
pulse trains as long as they are larger in magnitude than that the end of October (month 10) was not followed by any
upper or lower pulse height threshold. Therefore, the Hollis-quakes larger tham? 3, and could therefore be considered a
ter pulse counts are a combination of individual pulses andfalse positive” compared to the quake signature on 12 Au-
high amplitude periods of Pc 1-like pulse trains. A future gust 1998. In conclusion, Hollister could be considered to be
paper will address the technique being developed to removea “marginal case” for pulse counting success.
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Fig. 19. One year history of pulse counts for Parkfield (top), and expanded time scale (3 months) bottom.

A second earthquake on 30 October 2004 at Parkfieldand the high conductivity of the area all contributed to at-
shown in Fig. 18 was also reviewed, and shows a slightlytenuation of the signals. A new paper (Bortnik, 2010) in-
different pattern. vestigated the effect of conductivity on ULF wave propaga-

Much smaller pulse patterns occurred (red circled areas)t,ion, and confirms this attenuation effect when conductivity
and the total pulse counts were also smaller until the day ofs high.
the earthquake. Figure 19 below shows the pulse count his-
tory for the year leading up to the quake. 5 Noise and discriminators in the data

The table at the left of the bottom panel shows the af-
tershock activity including magnitude and distance from theAll these data sets have noise. Magnetic pulsations must be
epicenter. Itis interesting to note the pulse activity is relativescreened for lightning and man-made activities. IR data must
quiet prior to the quake, but is considerably more adtige  be filtered for clouds so that night time cooling can be calcu-
tweenthe aftershocks when the stress is being re-distributedated accurately. Air conductivity must be screened for peri-
to the surrounding area. A combination of the larger distanceods of high relative humidity/rain when the sensor is contam-
(19 km) between the epicenter and magnetometer instrumeninated by condensation moisture. Adding relative humidity

Nat. Hazards Earth Syst. Sci., 10, 196945 2010 www.nat-hazards-earth-syst-sci.net/10/1965/2010/



T. Bleier et al.: Correlation of EM data with lab/field experiments 1975

and geophone instruments to each site for these noise sourcesited by: M. E. Contadakis
and identifying their respective signal “footprints” is impor- Reviewed by: I.-A. Moldovan and K. Eftaxias
tant to avoid “false positives”.

Other electromagnetic “discriminators” may include spe-
cific wavelengths for IR data where the spectral peaks (an
troughs) observed in the rock experiments may provide bettel%leier, T Dunson, C., Maniscalco, M., Bryant, N., Bambery, R.,

signal-to-noise to detect the pre-earthquake IR signals. De- ang Freund, F.: Investigation of ULF magnetic pulsations, air
termining the specific narrow bands, and taking the ratio of conductivity changes, and infra red signatures associated with
the high-to-low bands, has yet to be done. the 30 October Alum Rock M5.4 earthquake, Nat. Hazards Earth
Total Electron Content (TEC) variations at altitude above Syst. Sci., 9, 585-603, doi:10.5194/nhess-9-585-2009, 2009.
the earthquake zone may be another discriminator, but padtortnik, J., Bleier, T. E., Dunson, C., and Freund, F.: Esti-
reports have shown that the area of TEC disturbance can be mating the seismotelluric current required for observable elec-

as large as a continent, so spatial discrimination may be a tromagnetic ground signals, Ann. Geophys., 28, 1615-1624,
challenge using TEC. doi:10.5194/ange0-28-1615-2010, 2010.

Freund, F.: Charge generation and propagation in rocks, J. Geody-
namics, 33, 545-572, 2002.
6 Summary and conclusions Karakelian, D., Klemperera, S. L., Fraser-Smitha, A. C., and
Thompson, G. A.: Ultra-low frequency electromagnetic mea-
Transient magnetic pulsations, observed in both laboratory Surements associated with the 198§,5.1 San Juan Bautista,
rock experiments and in field boulder experiments, were also California garthquake and implications for mecha_nlsms of elec-
observed in 3 separate earthquake events (Alum Rock, Hol- tromagnetic earthquake precursors, Tectonophysics, 359, 65-79,

. . . 2002.
lister, and Parkfield). The overall event samples are St'”Johnston, M. J. S.. Sasai, Y., Egbert, G. D., and Mueller, R. J.

small, but the pattern of pulsations appear to have some cor- Seismomagnetic Effects from the Long-Awaited 28 September

relation to the size of the earthquake (Alum Rad#5.4 at 2004 M6.0 Parkfield Earthquake, B. Seismol. Soc. Am., 98(4),
14 days prior, HollistetM5.1 at 2 days prior, and Parkfield 2087-2089, 2008.
M6 is unclear due to the larger distance between the epicerfraser-Smith, A. C., Bernardi, A., McGill, P. R., Ladd, M. E., Hel-
ter and the instrument.) Another mitigating factor was the liwell, R. A., and Villard Jr., O. G.: Low-Frequency Magnetic
previously discovered high conductivity of the Parkfield area Field Measurements near the Epicenter of the Ms 7.1 Loma Pri-
to the east of the fault (Unsworth, 1999), which possibly at- eta Earthquake, Geophys. Res. Lett., 17(9), 1465-1468, 1990.
tenuated the signals. Fraser-Smith, A. C., Bernadi, A., McGill, P. R., and Villard Jr., O.
The correlation of magnetic pulsations, air conductivity, |(\3/| 7U1LFL mag’;e_t'c f";'d r:]‘easire“;ﬁ“ts I’E‘earhtg‘la ep'cfmesr;f;he
and anomalous Infra Red, may be a more powerful indica- 635 1.9910ma rieta Earthquake, Phys. Earth Planet. In., 68, 45—
tor when they appear in a pre-earthquake sequence S|m|_lar tﬂattori, K.: ULF Geomagnetic anomaly associated with 2000 Izu
the Alum Rock earthquake, namely, pulsations and IR first,

! - e Islands earthquake swarm, Japan, Physics and Chemistry of the
and sustained air conductivity levels seen closer to the actual garth, parts A/BIC, 29(4-9), 425435, 2004.

event. Liu, J. Y., Chen, Y. I., Chuo, Y. J., and Tsai, H. F.: Variations of
It should be noted that statistically, these interesting pat- ionospheric total electron content during the Chi-Chi earthquake,
terns still represent a very small sample size, and many more Geophys. Res. Lett., 28, 1383-1386, 2001.
guakes need to be examined. However, it does highlight thé®uzounov, D., Liu, D., Kang, C., et al.: Outgoing Long Wave Ra-
importance of having calibrated instruments near (e.g. less diationVariability from IR Satellite Data Prior to Major Earth-
than 30 km) from the epicenter of future medium to large  guakes, Tectonophysics, 431, 211-220, 2007. .
earthquake % M5) so that the data can be obtained, com- Freund, F T., Takeuchi, A., _and Lau, B. W.: Electric currents
pared, analyzed, and cross-correlated to other earthquake ex- streaming out of stressed igneous rocks — A step tc_)wards un-
. . . - derstanding pre-earthquake low frequency EM emissions, Phys.
amples. QuakeFinder is attempting to maintain the current Chem. Earth. 31. 389-396. 2006
.CaIMe}gNet, and to develop a Iovyer cost .|n.strument, with Freund, F. T.: Stimulated IR emission from rocks: Assessing a
induction magnetometers and calibrated air ion detectors t0 gyess indicator, eEarth, 2, 1-10, 2007.
detect these EM signals. The new sensors will continue taynsworth, M., Egbert, G., and Booker, J.: High-resolution electro-
employ relative humidity sensors and geophones to identify magnetic imaging of the San Andreas fault in Central California,
various contaminating signal sources. J. Geophys. Res., 104(B1), 1131-1150, 1999.
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