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In 2005, QuakeFinder upgraded to the
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Driginal Goal.:

Monitor Geomagnetic
Field to look for more
signals like those seen
before the 1989
“Loma Prieta” mv7.1
Earthquake.




VUAREf e Ultra-Low Frequency (ULF) Monitoring -~ = g

In 2005, QuakeFinder upgraded to the
zZonge ANT4 coil, and state-of-the-art
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G Bayesian Detector Model L @

Earthquake Forecasting via detection of any pre-cursor is all
about building and understanding the Detector!

Tolerable False Positives
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where:

E = earthquake event. —

D = detector event. T
P(E) = probability of an earthquake.
P(D) = probability of detector event (earthquake or not).

P(D|E) = probability of a detector event when an earthquake occurs.

P(E|D) = probability of an earthquake when a detector event occurs.

Knowing P(E|D) depends on knowing P(D)



G Bayesian Detector Model L @

Whether modeled or measured, we can state that false positives
must be minimized. Can we know in our lifetime?

Tolerable False Positives

0.0050

P(D | E) Ei 0.0045
P(E | D) —_—— 0.0040
0.0035 2/3 of detector
of detector events are false
evVents are ralse :

0.0030
0.0025
0.0020

P(D|E)P(E)

0.0010

PEID)=_ SWEIE)
(EID) PDIE)+P(DInotE) § P

False Positive Probability

Earthquake Pre-Cursor Detection is very much like a
medical test for a rare disease. False positives can easily
dominate the results.




VUAREf e Bayesian Forecasting Process

Pulse Petector: 3 channels x 16 sites Pulse Azimuth Anomalous Pulse
Hi-pass, & Pulse Train Removal computation ldentification
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UARE ey Bayesian Modeling Result SR

A primary focus must be on developing detectors that
have strong discrimination characteristics.

QuakeFinder is developing a suite of four
discriminators:

1. Increase in the Rate of Pulses. ..

2. Appearance of Pulse Azimuth Clusters.

3. Increase in Air Conductivity.

4. Increase in ULF Magnetic Activity (MA).
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2007 Alum Rock
Earthquake ...

. 4"7
T

Date: October 31 03:04:54 2 UC
Magnitude: 5.4

Location: 37.432°N, 121.776°W

9.2 km (5.7 miles)
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QUAREFppee™ Discriminator #3: Air Conductivity | “* ﬁ

Measured change in charged air particles between two
stainless steel plates with 60 VDC, located 3 inches from
the ground (protected from fog/rain)

Day of Quake-2 Day of Quake-1"" Day of Quake

(Piscriminator #3

\

Air
conductivity
increased 22

hours
before the Day of Quake+2 "~
quake
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“How t0”: 30 minute blocks of data, separated into 13
freq. bands (after M. Fullerkrug) catalogued in database.

E.XCP-PSiOn Excursion Limits are driven Excursion
Limits by: by Kp, Day of year, Hour of Detector by:
Dr. James Cutler day, and Site history Steven Pifko

Stanford Univ. Stanford Univ.
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VKRS ATum Rock ULF MA Result: East-West
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Wik ATum Rock ULF MA Result: Vertical
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L Discovery of Pulses Sl @

Pulses were very large, and exhibited complex
dispersion characteristics.

East-West Channel
I |

positive pulses

|
Short duration Alum Rock M5.4

pulse excursions Increased Oct 30, 2007
1-2 days each pulse counts

over 2

weeks
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(Piscriminator #1
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W€y Discovery of the Azimuth Effect  Ji-L i €

Ratio of pulse amplitudes in pairs of axes remains
‘constant.’ Pulses occur in unipolar clusters.

Ratio of Energy in two Orthogonal Axes - V/EW

I I |

Alum Rock M5.4
Oct 30, 2007

and azimuth Discriminator #2
clusters both

increased two
weeks before

the quake
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ARy The Pulse Azimuth Effect SR

Unipolar pulses can be caused by charge migration.
Hypothesis:: Freund currents are the source.

Typical Pulse in Two Axes

There are two variables in the azimuth angle:: T East
1. Variable position of current flow .vs. site.

2. Variable orientation of current vector j.

~

B B
- — el - NP N -
:x.v-.;:. \ % S - . - . - e, \ “ vonge -~ %
= o x « W’:‘éﬁ" b~ : - g SR
i O *m?,g &) S . Coils y
e Bast/West | il | North/South
The azimuth effect is not about , " " degrees

absolute angle of arrival, but
rather pulse arrivals that
repeat from the same angle.

azimuth=90—arctan2(EW , NS)

F&U.].t\ > ‘ :
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The sensor wa.s
installed on
March 28, 2010

mo6.2 near our new Tacna, Peru site

- @

This earthquake was 30 Km from
our sensor and 35 Km deep.
May 6, 2010 03:42 UTC

Time Series Pulse Counting Plot
Network:CMN, Station:Tacna, Channel:01, Date:20100423

Positive Pulses on Magnetometer

Counts vs. Time
High Pulses = 39
Low Pulses = 13, Bipolar Pulses = 0

PET
time 3am 4am 5am 6am 7am B8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm Spm 6pm 7pm 8pm 9pm 10pm 11pm12am 1am 2am 3am

Above is a graph of the Kp Global Magnetic Activity Index Legend: Green — Kp<4 Yellow —- Kp=4 - Kp>4
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WAy Tacna Pulse Counts & Air Conductivity

Pulse Counts and
Air Conductivity

Both the Pulse Count and the Air both increased
N . before the quake

Conductivity signals change

with strong SNR before quake.

” Increase in

Air Conductivity 2",2 ?O
! ‘K"W"’w‘l' ‘l,'.f‘m“urﬂ "]}‘“‘J"%;"; i fw SRl
. Y I m i "' M \f l}
‘ "

Neutral lon e

Piscriminator #1

Increase in
Pulse Counts

Pulses per Day

M&y 10, 2010 P e MAY 3 9:33 LOCAL

March 30, 2010



UAKEFpAE The Pulse Azimuth Effect at Tacna, Peru L s €3

The pulse azimuth effect is again seen before the earthquake.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
— . heading
15 Days prior - t0 quake

334°

Each point is a
separate pulse

T e Pulses not seen in El Carmen, Peru site
Discriminator 2 800 Km to the Northwest

Degrees CW from North

© Positive Pulse
@ Negative Pulse

0 }i /0 ‘ » 1070501 ‘ A
" Site Installation m6.% Plot Date,”

May 5, 2010

March 30, 2010 03:42 UTC

June 10, 2010




UAKRpAE The Pulse Azimuth Effect at Tacna, Peru =L s &

Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
: — — heading
18 Days prior : to quake

334°

Degrees CW from North

0 l[.l /0 ‘ . . ‘ : 1070501 . A
" _site Installation m6.3 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010

March 30, 2010



UAKRpAE The Pulse Azimuth Effect at Tacna, Peru =L s &

Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
: — — heading
18 Days prior : to quake

334°

Degrees CW from North

0 l[.l /0 ‘ . . ‘ : 1070501 . A
" _site Installation m6.3 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010

March 30, 2010
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
: — — heading
18 Days prior : to quake

334°

Degrees CW from North

0 l[.l /0 ‘ . . ‘ : 1070501 . A
" _site Installation m6.3 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010

March 30, 2010



UKo The Pulse Azimuth Effect at Tacna, Peru
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna :: Mar 30, 2010 - May 31, 2010

Degrees CW from North

15 Days prior

Absolute
heading
to quake

334°

Puls;(?&énay for Station CMN704 Tacna, Channel 1, 04/19/2010 18:07:48.39 -to- 04/20/2010 15:14:52.15
100

0 l[Jv‘Ll' .
\ Site Installation
March 30, 2010

A m6.2 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010




UKo The Pulse Azimuth Effect at Tacna, Peru
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna :: Mar 30, 2010 - May 31, 2010

Degrees CW from North

15 Days prior

Absolute
heading
to quake

334°

Puls;(?&énay for Station CMN704 Tacna, Channel 1, 04/20/2010 22:17:13.40 -to- 04/21/2010 19:24:17.15
100

0 l[Jv‘Ll' .
\ Site Installation
March 30, 2010

A m6.2 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010




UKo The Pulse Azimuth Effect at Tacna, Peru
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna :: Mar 30, 2010 - May 31, 2010

Degrees CW from North

15 Days prior

Absolute
heading
to quake

334°

Puls;(?&énay for Station CMN704 Tacna, Channel 1, 04/22/2010 01:26:18.22 -to- 04/22/2010 20:32:41.62
100 |

0 l[Jv‘Ll' .
\ Site Installation
March 30, 2010

A m6.2 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010




UAKRpAE The Pulse Azimuth Effect at Tacna, Peru =L s &

Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
: : : — heading
to quake

334°

Puls;(?&énay for Station CMN704 Tacna, Channel 1, 04/23/2010 01:34:22.52 -to- 04/23/2010 20:40:45.91
100

i\
aall
it

Degrees CW from North

0 l[.l /0 ‘ . . ‘ : 1070501 . A
" _site Installation m6.3 Plot Date,”

May 5, 2010

March 30, 2010 03:42 UTC

June 10, 2010
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute

15 Days prior

heading
to quake

334°

Degrees CW from North

Puls;(?&énay for Station CMN704 Tacna, Channel 1, 05/03/2010 00:54:25.06 -to- 05/03/2010 13:58:47.39
100 \ | |

Seconds

A me.2

0 l[Jv‘Ll' .
\ Site Installation
March 30, 2010

May 5, 2010
03:42 UTC

Plot Date /

June 10, 2010
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
: — — heading
18 Days prior : to quake

334°

Degrees CW from North

0 l[.l /0 ‘ . . ‘ : 1070501 . A
" _site Installation m6.3 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010

March 30, 2010



UAKRpAE The Pulse Azimuth Effect at Tacna, Peru =L s &

Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
: — — heading
18 Days prior : to quake

334°

Degrees CW from North

0 l[.l /0 ‘ . . ‘ : 1070501 . A
" _site Installation m6.3 Plot Date,”

May 5, 2010

03:42 UTC June 10, 2010

March 30, 2010



UAKRpAE The Pulse Azimuth Effect at Tacna, Peru =L s &

Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute
: : — heading

15 Days prior :
./ .................. - to quake

334°

Actually
positive pulses!!

Degrees CW from North

Threshold Point

0 W™ lJ] ‘ . ; » : ; . 10705/ A‘ TL!.-‘Ll’..".l
" _Site Installation m6.3 Plot Date”

May 5, 2010

03:42 UTC June 10, 2010

March 30, 2010
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute

15 Days pri heading
, ays prior :
P - N )i to quake

334°

Degrees CW from North

0 W™ lJ] ‘ . ; » : ; . 10705/ A‘ TL!.-‘Ll’..".l
" _Site Installation m6.3 Plot Date”

May 5, 2010

03:42 UTC June 10, 2010

March 30, 2010
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Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute

15 Days pri heading
, ays prior :
P - N o to quake

334°

Puls;(})&%nay for Station CMN704 Tacna, Channel 1, 04/23/2010 02:57:16.68 -to- 04/23/2010 14:42:58.11

Detector
not 100% yet

Degrees CW from North

Threshold Point

Seconds

0 W™ lJ] ‘ . ; » : ; . 10705/ A‘ TL!.-‘Ll’..".l
" _Site Installation m6.3 Plot Date”

May 5, 2010
March 30, 2010 03-42 UTC June 10, 2010




UAKRpAE The Pulse Azimuth Effect at Tacna, Peru =L s &

Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Pulse Azimuth History for CMN704 Tacna, :: Mar 30, 2010 - May 31, 2010 Absolute

15 Days pri heading
, ays prior :
P - N )i to quake

334°

Degrees CW from North

Threshold Point

0 W™ lJ] ‘ . ; » : ; . 10705/ A‘ TL!.-‘Ll’..".l
" _Site Installation m6.3 Plot Date”

May 5, 2010

03:42 UTC June 10, 2010
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CAKEFipe Tacna pulse properties

Pulse Amplitudes | Pulse Durations

P=p(-p)
P =0.4x(0.6)"

o
-

Hypothesis ::
Sizes of pulses follow

gamma distribution

~  Hypothesis ::

{ Pulses durations
follow geometric
| distribution.

Probability
Probability

Pulse Arrival Times .
— These are neither Gaussian or

Hypothesis :: Periodic, but Poisson-like
Arrivals of

pulses follow distributions, which supports the
geometric idea that the pulses are

distribution .
geophysical.

Probability

(The standard earthquake rate
model is also based on Poisson

_1000 2000 . 3000 . 4000 5000 6000 Sta’tIStICS')
inter-arrival times - secs
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Review of Alum Rock Azimuths

- @

Pulses are uni-polar, and they occur in groups, clustered in
time and relative amplitude between orthogonal axes.

Degrees CW from North

Pulse Azimuth History for CMNG609 @ Alum Rock :: Jun 01, 2007 - Dec 15, 2007

- : [ . . .

© Positive Pulse
@® Negative Pulse .

 (Discriminator #2)

Outage '

due to
Bulldozer

A
>

| Absolute

heading

| to quake

MB.4 A

OCT 31, 2007
03:04 UTC

11°




WAt Fpme  Tacna, & Alum Rock pulses compared =L g
~ PulseCounts [ T

: O North-South
Counts may : O East-West

scale with : O Vertical
earthquake :

magnitude

Duration
may be driven
by fault
geometry

Pulse Counts per Cluster

i i i
-20 -10 0 - - -20 -10 0

Pulse Duration per Cluster - secs

Days before Earthquake Days before Earthquake

Tacna Alum Rock

_,:"Pu:lsz:."” ; (solid ) (daShed )

amplitudes

appear to mé6.2
/ have Gamma,
\ distribution

9.2 km

35 km

higher

Relative Amplitude

shorter

-20 10

Days before Earthquake smaller




QUAREFpeRe Vertical Channel Observations L @

Pulse clusters are also seen when computing ‘azimuth’ for
Vertical/North-South and Vertical/East-West pairs of axes.

Pulse Azimuth History for CMN704 Tacna :: Mar 30, 2010 - May 31, 2010

o o X T+ M

Pulse clusters are larger in
horizontal coils than vertical.

Some have argued this makes
sense as the ground shorts
out the horizontal E field
component, leaving only the
vertical B field component,
ergo the horizontal B field
component.

Degrees CW from North

Discriminator #2 )

L me.2

May 5, 2010
03:42 UTC




QUAKER N pEE Vertical Channel Observations Sl @

Pulse clusters are also seen when computing ‘azimuth’ for
Vertical/North-South and Vertical/East-West pairs of axes.

Pulse Azimuth History for CMNG609 Alum Rock :: Sepl4, 2007 - Nov 5, 2007

Degrees CW from North

Diseriminator #2

Reflection

= Fl s v :

mb5.4 A

Oct 31, 2007
03:04 UTC




g 5 The Bigger Picture e

A cursory review of the history of pulses in the remainder of
our data sets reveals many azimuth pulse clusters.

Five-Year History of our Ocotillo Wells Site, North-South Channel
L [Cs . g T - T

!" ———t S A e e e v A G i g X S A S A - o ST
e s o — ey S Tipve RATIIN e T

M B e P 1. y
. 1 s,
! R

 SHARSNE
i .

Degrees CW from North

: ~

0t L
Jan 2006




g 5 The Bigger Picture e

A cursory review of the history of pulses in the remainder of
our data sets reveals many azimuth pulse clusters.

260 Five-Year History of our Ocotillo Wells Site, North-South Channel
SELLEETEY SEEE MRE &y b3 S 2RSS & R S O S O S S SO
Correlations to many a RS SOOI AR L b Pl D B B K
quakes still being settled | | -
T 2 LR b

o Confirmed unipolar pulse clusters | ;- .

Degrees CW from North

Jan 2006
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suggesting that these pulses are local and not ionospheric.

nly 74 out of 14995 pulses overlap in two sites 43 Km apart,




U pery Open Questions SR

e Are pulses related to earthquakes?

e Why pulse azimuth clusters?

 Are clusters local?

M [
E sBec=

4 F
g -

:

i 2

 What is their Observable Range? Wha,t are these descending knee-like
structures seen in Alum Rock pulses‘?

e Are clusters ever bi-directional? Pulse R

e Do pulses scale with earthquakes?

e Induced in STS1 & 2 seismometers?




VUARER D Open Questions L@

e Are pulses related to earthquakes?

e Why pulse azimuth clusters?

 Are clusters local?

pe
=
=

SH K
o3k 5 E
iL

« What is their Observable Range? i 0730 AM PST

 Are clusters ever bi-directional?

e Do pulses scale with earthquakes?

Gammas | \ Hz

e Induced in STS1 & 2 seismometers?




QUARER N pEE™S Observations L 0

1. These powerful pulses are unlikely man-made.

&. If geophysical, they merit detailed further study.

3. Pulses and Clusters may be localized in nature.

4. Pulse counts increase before both quakes.

5. Azimuth Clusters seen " 14 days before both quakes.

6. Azimuth Clusters may have Poisson-like properties.

7. Amplitude ratios repeat in orthogonal axes.

8. Pulses are unipolar, as in charge migration.

9. Pulses are short in duration, but large in size.




CARE D Discovery of Pulses

Pulses were extremely large, and exhibited
complex dispersion characteristics.

(10/30/2007 08:03:13.00 UTC, Span = 0.000 - 86365.592 sec) 32.005 samps/sec
[history: Loaded CMN data file: CHANNELZ/20071030.CMN.609.02.t<t]

- 5 minute
_ Cal Signals

These results
presented at &
AGU 2009 & | quake-induced

coil motion

| | e .

Pulses




CAREF DR Discovery of Pulses

Algorithm Used.:
Use a threshold for “Man-Made noise”

(0170652008 08:00:56.00 UTC, Span = 0.000 - 8§6355.5382 sec) 32.005 sampsisec
[history: Loaded CKMN data file: CHANNELZ/20050106.ChMMN.E03.02 <]

5 minute
Calibration
Signals

These results Threshbld set to 2X
pPeSGIlted at measured local noise
.A.GU 2009 Threshold

for pulse
Measured :

countin
Man-Made g

East Milpitas E: Milpitas (609) noise tests
Time Event
On a “quiet” day (24 hrs) 1:17___|drive past house on Sierra Rd and Driveway
2:14 Main submersible pump on (~15 min)
2:19 Booster pump on
2:26 Grinder motor on (25 sec)
: 2:34 Mercury vapor light on (1 min.)
Pulse thresholds set to 2:38 |Shop Vac on/off (10 sec)

. . 2:40 MIG welder on/off (15 sec)
Not trigger on local noise 314 | drive away

Time (hours) PST




CAREF DR Tacna, Peru pulse magnitudes

Pulse Magnitudes '
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OL’I‘WEE VDFRE positive pulses =] “” 6

Pulse 1 complex

Alum Rock M5.4
eased Oct 30, 2007
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QUAKE R pege The Pulse Azimuth Effect

Unipolar pulses can be caused by charge migration.
Hypothe Typical Pulse in Two Axes

amplitude

1.0
seconds

0
degrees

Azimuth Histogram : - Epi-Center

Fault —Siis 3




QUAREF e

s

N
r
I
o
w0
w)

Frequency (Hz) (0.0

KYIAS LTS

’

ik il Pl N APy
LRI Y

i)

\ﬂ“,
R
L EE TV SR Y YO e S e
. 8 .
PRl

BTN

8
L |

Time {minz) UTC (1 .£




