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Electromagnetic Signatures Observed
Prior to Earthquakes

1) ULF Magnetic Signatures (Pulsations)
— Long Term Trends

— Noise Sources

2) Air Conductivity Signatures

— Long Term Trends

— Noise Sources

3) Infrared (IR) Signatures

— Long Term Terms

— Noise Sources

Discoveries, Conclusions and Future Strategies
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4 Quakes
Investigated:

1998 Hollister M5.1
2003 San Simeon M6.4
2004 Parkfield M6.0
2007 Alum Rock M5.4*

* Most detailed data
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Ultra Low Frequency (ULF)
Magnetic Signatures

Any Similarities between Field monitoring
and Lab Experiments (F. Freund — NASA)?



Lab Tests (Freund):

Positive and Negative Currents / Air lonization

Gabbro: lonization Run #39

Prefailure lon Current, — bias Gabbro: lonization Run #42
i : 15 Prefailure lon Current. +bias 4104
1.5 i ;
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Typical “Quiet Day” at Site 609 near Alum Rock

(mmafznua 08:00:56.00 UTC, Span = 0.000 - 86385.592 sec) 32.005 sampsisec 24 hours
tory: Loaded CMPM data file: CHANNEL2/20080106.CMN.B09.02.t1]

. Eminute T ____________________ Time Series

Calibration

/ Signa|S \ .................................................. ...................................................

8nT per root Hz

AC (Induction) magnetometer
Time Series data

95§

Counts

=
1000pT
100pT s
FIl DNDURTUUUSN e L R PRI el ) PREERTURTE [ E
10pT e :
0.1pT EEaE 3
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0.01pT N .. - — :
104 109 102 107 1 10 100 1000 :
Hz : :
i | | |
12:00 Ak G:00 Ak 12:00 Pr G:00 Pra 1z:.00 &
Time (hours) PST




Pulsations observed on day of Quake (10/30)

(10/30/2007 08:03:13.00 UTC, Span = 0.000 - 86385.592 sec) 32.005 sampsisec
# 106 [histary: Loaded ChMM data file: CHANMELZ/20071 030, CMMN.B03.02 1]

SR RS | [ 5m|nute ...................................... e .............................................................
| _—Cal Signals —_| : |

.................................................................

coil mdtion P

N I o e LA 1 \/ ______ NI | —

Unknown pulse .

i i i i
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Counts

Determine a threshold for local “Man-Made noise”

(01/06/2008 0&:00:56.00 UTC, Span = 0.000 - §6585.532 sec) 32.005 sampsisec

[history: Loaded CHM data file: CHANMELZ/20080106. ChMN.B03.02 1]

N 5 minute

. Calibration
B O —— Signals
e N East Milpitas

Threshold set to 2X
measured Iocal noise

On a “quiet” day (24 hrs)

Threshold
Man-Made forE pulse
Noise Tests | coggténg

<8.2
o T - N [E Wilpitas (609) norsetests ______________________________________________ T
Time Event . :
1:17 |drive past house on Sierra Rd and Drlveway
; 2:14  |Main submersible pump on (~15 min)
SN T — T | 19 JBoosterpumpon ]
: ' 2:26  |Grinder motor on (25 sec)
A special test was performed 2:34  |Mercury vapor light on (1 min.)
N T o 2:38 |Shop Vaconloff(10sec)
to generate known, local 2:40 |MIG welder on/off (15 sec)
_ _ _ :> 3:14 |[driveaway
EM noise “fingerprints”

00:00 06:00

12:00 PM

18:00 24:00



Long Term Alum Rock ULF Pulse Count
History (2 years-automated)

M WLMLA MMWMW i b

Alum Rock M5.4
Oct 30, 2007

Ll

Pulses per day above threshold
u|1 S & =

I 2006 > A

Short duration
pulse excursions
1-2 days each

2007 7 S

Sustained

pulse excursions

over 2 weeks




Natural Noise: Lightning Comparison

Linknasen pulse from 609 on 10030 ab~02:30

Suspect Eq. signatures: 8sec. duration

0a:31:249 0a:31:37 03:31:46
Hours

08:31:55

08:32:03

Sike: 609 Channel 2 Lightning kime: 28-0ct-2007 15:03:24 Distance: 22.1 Magnitude: -22

083212 08:32:21

T

Typ. Lightning signatures:
0.5 sec. Initial pulse duration

15:03:00 15:03:10 15:03:20
Haours

15:03:30

15:03:40

15:03:50



Network Wide Comparisons using Filter Band MAY

Freq.= 0.05- 0 1Hz East- West mag

0/2007 02:00:00.00 ~to- 10/30/2007 04:00:04.87 | OCHL 30 2007 2 4 AM PST
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Pulse Shapes/polarities
Time Series Oct 30 02:36-03:32

Zoom Level 1

(1073042007 06:03:1247 UTC, Span = 0.000 - 86386.679 sec) 32.005 samps/sec

East Milpitas

[history: Loaded ChN data file: CHANKMELZ/Z0071030.ChM.E0S.02 1) EaSt West

Unusual single polarity
magnetic pulses

__________________________________ BT HTTE WHER B AR TG O e

t0 = 200710/30 02:36:07.04 (302) 0 = 2007710730 03:32:25.62 (302)

Next Zoom



Counts

Time Series Oct 30 02:40

Expanded scale East Milpitas
East — West Channel

(10/30/2007 08031247 UTC, Span = 0.000 - 86386.619 sec) 32.005 samps/sec
w1 Ds [history: Loaded ChMN data file: CHANMNELZ/20071030.ChMN G09.02 4]

t0 = 2007/10/30 02:36:07.04 (302) 0 11 = 2007710430 03:32:25.62 (302)



Pulse Characteristics

Prior to Quake Prior
Pulses 2006-7 10-15to 10-31-07 | % of Total
UP 11282 4108 36 %
DOWN 9176 3119 34 %
BIPOLAR: UP 5993 2689 45 %
BIPOLAR: DOWN 4757 1707 36 %

31, 208




Number of occurrences

4000
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3000

2500

2000

1500

1000

500

Pulse Characteristics

Distribution of Pulse Durations

10 15 20 25

Pulse Durations (seconds)

30

35



Air Conductivity

Do Positive or Negative lons
appear near the quake?



Lab Tests (Freund):

Positive and Negative Currents / Air lonization

Gabbro: lonization Run #39

Prefailure lon Current, — bias Gabbro: lonization Run #42
i : 15 Prefailure lon Current. +bias 4104
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Air Conductivity 1 Year

Air Cond.: Hrs saturated
Rain Accumulation: mm

30 7

E. Milpitas (Alum Rock) 2007

Sensor exposed and influenced
by Rain and Humidity

M5.4 quake
[ No Rain

25

20

Sensor placed
in enclosure

y A

15

/

10

J

J A S ) N D
2007 Month

—&— Air Cond Sat hrs
—@— Rain-mm




Air Conductivity

Air Conductivity at Alum Rock (Rain Noise)

13.5 mm rain:
100% RH..

.

26.2 mm rain

100% RH

L]

Date

Unusual
Negative >< >< Positive
charges ‘ Charges
Oct 4 5 6 7 8 9 10 11 12 13 14 15 16 17
I Unusual
I I Unusual " ositive
Positive | | harges
1 Charges W
e ; ‘
|1 \
B e ""‘—'"““"'""""'7- ] e 0
‘L'\w'rj | [ i |
e —T i |
- . - 74% RH
Negati Negative Negative |
charge charges charges I
. s v 28 3 I -
Oct 18 19 20 21 22 23 24 25 26 27 28 29 301 31
M5.4
20:04




Infra Red

Do Infra Red signhatures appear
prior to large earthquakes?



Infrared (IR) Signatures
In lab experiments (Freund)

H e = TR e 13
A s
o i 2 i
1
= E
o : &
i} 1]
i e ; [
= = 1
T o 5 m i
a T a : )
= w
g’ g om
b = 4 i
T & a @ " _g
T = =
= 5 = =
= = . = n
3 = 0 '3
o a &=
@ = a L
=1
o
]

MNarrow IR emission bands

IR emission before and during
stressing an anorthosite rock
(30 x 60 x 10 cm?®) up to failure.




Night time Cooling Slope
as observed by GOES-West Satellite

“h..,,"‘,‘- : ’E;

N. Bryant and R. Bambery

Gnuplot 10 —-OXx

Heating Cooling

AlumRack,CA Tamp Slope far 52,77 an 070CT16 (night data)

2O - .......... - .......... - sooo 5-2'7? Pixel Slo-pe 1.
Positive Cooling ; : : " frawidata tmp’ u 1:2
Slope prior to quake wofl - 3yearavg. o Sying s |
:2004-06 E C : I Si |
=0 | e i S -ooling Slope. . |
o . . -0.0991 - On This Nigh
-_- £ 300} Poononsonee %0000 000 Boooooannnan 2N DEI1R - B
IR Apparent --- 2 | 5 5 5+0.361:6
Temperature E_ 290 | : : : ' '
Expected Cooling T 2sof
Slope
270
260 | ...2.00.?.cc.l§.li.ng.slqp.e .%..-.0.-.1.16.0. E.Brv.e.a.r. co.qling. S.'OP.E.F.E'.O.-OS‘-’J- .....
\\\\\\\“ 16!335data paints Eleva:tion = 712.0 mefers
\L 1 1 1 1 1

18:00 20:00 22:00 24:00 02:00 04:00 06:00
Local Tima

Day Night

26.2529, 244.704

For Each Pixel

(10.7um) — (12 um)
(long wave infrared window)
4 km pixel size



IR night time cooling slopes

Calaveras Yellow >+0.1 slope
Cloud Covered 3 yr avg. slope: -0.0991 .
Fault Pink >+0.
au (Gray/Red) In 0.3 slope
— /\

\‘;

Oct 13, 2007 Oct 16, 2007 Oct 17, 2007 Oct 18, 2007
+0.1465 +0.3616
Cloud Covered Compression heating
~__(Gray/Red)

". b

%\ i

. M 5.4 quake

Oct 28, 2007 Oct 29, 2007 Oct 30, 2007 Oct 31, 2007
+0.2447 -0.0584



EM Signature Comparison

ULF Yes

lons Yes
Alum Rock M5.4 R Yes
Normalized EM Comparison I\/Ii.4
1
Y in \
g 06 M\/\/ \ ﬁ/ \
_% 0.4 n /X /l ——IR
N 02 —m—Pulses
TEU 0 —&—Air Cond
c -0.2
Z 04 \v/
-0.6 ‘ ‘
10 15 20 25 30

Days (Oct 2007)




Other California Quakes?

Parkfield 2004
Hollister 1998



Parkfield Magnetic Waveforms 2z

Time Series Pulse Counting Plot
Network:BK, Station:PKD, Channel:BT3, Date:20040828

-30 days

s

Counts vs. Time |

High Pulscs = 4
Low Pulses = 0, Bipolar Pulse
1 f I I 1 1

Time Series Pulze Counting Plot
Network:BI, Station: PKD, Channel:BT3, Date:20040922

-6 days

—— (4

High Pulses = 21
I7:we Plulsesl - 19i Eipollar Ptl.-lsu 3 17
L

Time Series Pulse Counting Plot
Station: PKD, Channel:BT3, Date:20040926

Cownls

257

Counts vs. Time
High Pulses = 129
How P‘ulsesl - 128, eipI ar ll’uuel =210

|

onis

Time Series Pulse Counting Plot
Netwerk:BK, Station:PKD, ChannelBT3, Date:20040928

M6.

3742

Counts vs. Time
High Pulses = 1870
I7:wo Plulnsl - 18|?2‘ Eilpolar‘Puls?s - ZP

\/ Time




Pulsation Count

Pulsation Count

Parkfield M®6.0 IULF YNes

Sept 28, 2004 R No

4000 |
2004-09-28
3800 — S
~M6.0 i
2500 — —
_ 21 km from
2000 [~ I . N
Marginal Case . PKD site
1500 — I . )
; nghg{oundconducnvny)
1000 - | |
I
500 — \/\)\ : =
I
e a b | mal o aa il Ay | ot A
o T T T T T
01/01 02/01 03/01 04/01 05/01 06/01 07/0 09/01 10/01 11/01 12 3004 1231
One year (2004) Parkfield plot. 2004
40007= : I |
Date Magnitude ~ Km. Ko 3 °4 & & 7 8 3 10 a1 Az
sl PK.2004-09-28 5.96 21.24 N : roo : : | : ! » -
1. 2004-09-30 5.0 4.8 | I i i i I i [ Pl
00| 2 20041001 305 958 f I L ) : ! { L ¢ ¥ .
3. 2004-10-08 3.01 16 : : : : : : : : : : : : :
ool 4. 2004-10-13 3.38 24.15 o , o | I | i | Lo il
5. 2004-10-16 3.06 10.48 o : I : ! : | : B
000 6 2004-10-28 3.35 25.97 ARE I . i i i i I Lol 9|
7. 2004-11-06 3.55 5.141 i i ¢ : : : : : 5
e 8. 2004-11-13 314 6.25 i I 1 I I 1 I 1 I [ |
9. 2004-11-18 3.9 15.36 L4t l P | | | I .
Loop 10-2004-11-22 3.44 4.7 P ! P ! ! /\ ! ! ! n |
11.2004-11-26 3.24 5.221 R i i i [ i i i Pl
12.2004-11-28 4.35 4.54 . : ¢ : : l : l -
500 — 1
o "y : : e LA T
L i Lo M A% A, 1 . . |
0s/01 10/01 110 1z

2004



Infra Red: Parkfield

M6 earthquake

Sept 28, 2004

Goes 10 Band 4 data:

Analyzed 28 days in Sept 2004

5 days prior (4 are cloud contaminated)

» Sept. 27/28 night time cooling---no positive slope

* INCONCLUSIVE



Hollister Magnetic Waveforms

Time Series Pulse Counting Plot

Time Series Pulse Counting Plot

Metwork:BIC, Station:SAO, Channel:BT2, Date: 19980712

e Netwark:BK, Station:SAO, Channel:BT2, Date: 19980612 e
4 d 4 d
3 y 3 y
z| zf
1
= Of =
2 4 5
™ 3
A
2
3 -3
Counts vs. Time Counts vs. Time
il High Pulses = 2 ks High Pulses = 2
I.Iow Plu\sul - 17.| Bipollar P\IJIses i ] : i ! Low Pulses = 16, Bipolar Pulses = 0
L 1 I | i i i i h L | L 1 1 1 | i
Time Time
Time Series Pulse Counting Plot
ST Metwork:BK, Station:SAQ, Channel:BT2, Date: 19980810 i Time Serles Pulse Counting Plot
e Metwork:BK, Station:SAO, Channcl:BT2, Date:19980812
4
2d i 0Od M5.1
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sl
i 3
2
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1}
%
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£ N & o
<00 g
8
o1
-1
2|
-3
-3
Counts vs. Time
| High Pulses = 434 Ceunts vs. Time
] ;
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Hollister Mb5.1 e
August 12, 1998 ons o

No

BT2 EQ: 0812798

800 *
Solar/Human Noise Removed

03/14/98 solar
03r22/98 solar
03/25/98 man
04/04/98 man
600 — 04/05/98 man
04/13/98 man
05/01/98 solar B tt C

05/02/98 solar e er ase
05/03/98 solar
500 — 05/04/98 solar
05/05/98 solar
05/08/98 solar
05/29/98 solar
06/03/98 solar
400 [— 06/06/98 solar
06/24/98 solar
07/16/98 solar
07/23/98 solar
07/24/98 solar
300 — 0B/06/98 solar
0B/26/98 solar
09/24/98 solar
09/25/98 solar
10/01/98 solar
200 — 10/02/98 solar
11/08/98 solar

70—

~ M5.1 i
2 km from
SAQO Site ]

Pulsation Count

N : N\ L J\Alfl\f\fh ILIZNA|

01 02 03 04 05 06 07 08 09

1998



San Simeon Earthquake M6.4 ULF Yes OS

57 days Prior from QuakeSat ons No

Frequency (10-150 Hz)

Averaged over 0.2 sec : MG2HXCalifIM260ct01578 (10/26/2003 01:57:53.95 UTF, Span= 46.101- 63.898 sec) Frequency vs. Time Data : MG2ZHXCalifIM260ct0157B (10/26/2003 01:57:53.95 UTF, Span= 46.257- 53.728 sec)
[history: S d, DC R: d, Loaded ¢ data file: MG2HXCalit1 M260ct0157 8] [history: Loaded QuakeSal data file: MGZHXCalif 1M250ct0157B]

2 sec 1.5 sec

(7]
—
C.
>
(@]
(&)
Q
o
(V]
T
>
s
a
£
<

1 I 1 1

Time (sec)



Conclusions

Alum Rock was an exceptional data set (2 km)
— 3 high sensitivity, calibrated magnetometers, air conductivity, GOES IR
— Continuous recording
— Removed known noise

ULF Pulsations appeared to increase 2 weeks prior to quake

Air Conductivity (+) increased 23 hrs prior to quake

IR signals positive night time cooling

All 3 signatures demonstrated some correlation with lab experiments

Parkfield (M6) subtle ULF (21 km)
Hollister (M5.1) more active ULF (2 km)
San Simeon (M6.4) QuakeSat ULF pulses



Future

 Need more instrumented sites (near quakes >M6)

— California 3 new sites (2009)
« Petaluma, East Gilroy, Watsonvile

— Peru 2 (2009)
» Pisco, Tacna
— Need contacts for Sumatra and Turkey

 Need more IR Spectral discrimination (8 and 12 um)
— MODIS
— AVHRR
— New Study at NASA-Ames tbleier@quakefinder.com



Backup



Detectable Effects

cps Em{ @R
I GOES, Terra/MODIS COSMOSI 13809
SRy Aureo
— 11 QuakeSat
L2 == DEMETER
~ ELF Mag
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Earth’s Mag
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o foF2
VLF, HF, UHF Conductw‘
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Satellite-Based Monitoring (QuakeSat)

 QuakeSat on orbit (June 30, 2003 to Dec 2004)

— 840 km circular, sun synch orbit (dawn-dusk)
— Single axis search coil magnetometer, small E-field dipole

— 4 channels (one at a time)
« 1-10Hz B
« 10-150 Hz B (primary channel)
e« 130-150Hz E and B
« 10-1000Hz B

— Sensitivity — noise floor
 5pT at 1000 Hz
e 15pT at 100 Hz
e 30pT at 10 Hz

1.2m

— 2 ground stations
« Stanford
« Fairbanks Alaska
* 9600 baud, half duplex

~JJ



Space and Ground Monitoring

Likely Signal Region
at QuakeSat
Mean Orbital Altitude

QuakeSat Orbital
Path

<+

Magnetic Field Lines
from
IGRF Model

Ground AC Offset Target
Magnetometer Location
< >

Typical Target Offset
1 to 10 deg Lat.



Early Electromagnetic Indications

e Dr Tony Fraser-Smith (Stanford)
— M7.1 Loma Prieta
— 30 minute energy averages
— 13 Frequency bins

—_

Magnetic Field Density (nT)
for 0.01-0.02 Hz Signal
[

L]

Bl 71013161922252331
October 1989




Parkfield Raw Cooling Slope: GOES-10 Band 4 over California: 26-Sep-2004--27-Sep-2004
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