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Basics

% Measure motiown of Earth’s surface
relative to some tnertial reference frame

% Applied to a mass-on-a-spring
suspension, in the Laplace domatn:

Mass Pos(s)=G 1 *Ground Acceleration(s)
7+ s+
Q
Where

G =constant ~1
and M =mass,  =2#/P, P = free period

Q=1/2 , =dampingconstant



\/

2 For frequencies much smaller thaw the

resonant -frequewctd, W, , MAass position Ls
proportional to ground acceleration.

4

+ The smaller the resonant frequency the
larger the mass wmotion for a given
ground acceleration.

G

Mass Pos(s) = — * Ground Acceleration(s)
W,

as s —0



WHAT ARE THE REQUIRMENTS:

2 wWhat do we want to measure -
SIGNALS

4

L)

s How acoumteLH do we want to measure —
RESOLUTION

L)

L)

% over what frequencies oo we want to
measure - BANDWIDTH
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What Bandwidth is
Required

gravest Normal Mode — 0.3 mHz
Top end of Teleseismic signals ~ 1 Hz
Top end of Regional Signals ~ 10 Hz

Top end of Strong Motion ~ 20 Hz
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WHAT IS THE REQUIREL
RESOLUTION

WHAT S THE EARTH'S AMBIENT
NOISE FlELD?

LOOK AT LOWEST OBSERVED
NOISE LEVELS TO ESTIMATE
RERUIRED RESOLUTION - A MOVING
TARGET



NOISE



Brune & Oliver, 1959

“There are \/LrtvcaLLg no
data on wolse L the
range of periods
between 20 seconds anad
the earth tide periods.”

MICRONS

AMPLITUDE

10 102 03 10% 10
PERIOD SECONDS
seismic noise of the earth’s surface



Melton, 1976
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Agnew & Berger (1978)
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mHz

Fig. 5. Vertical ground noise as a function of frequency. The vertical axis is power spectral density in decibels relativ
to | m* s7*. The shaded area to the right of 10 mHz shows the range of noise found at HGLP stations [Murphy an
Savino, 1973]. The line to the right shows the ground noise at Pifion Flat, the quietest of the Project 1DA stations, base
on data from the superconducting and Project IDA gravimeters.



POWER SPECTRAL DENSITY (10%L0G Mwxw2/Sxd/HI)

Peterson 1993
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GSN 1st Percentile Noise
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Routine Noise Estimation
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Evolution of Noise Models
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wawt to resolve 4 x10=2° (m=2s™)/H=z

Mass Pos(s) = % * Ground Acceleration(s)

0

ass# 0
which at Long periods corresponds to
rms. mass displacement = 5 x 2 * p 2 m/\NHz
[Radius of H atom ~ 4x10™ m]

Free Period Po Mass Displacement
Seconds m/~/Hz
0.1 5x 1014
1 5x 1012

10 5x10-10
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Thermal Issues

Thermal notse of a damped harmontie
oscillator

Thermal expansion of setsmometer
suspension

Thermoelastic effect of seisimonmeter
Spring

Environmental protect'ww



8 #T 10™
Thermal Acceleration = (m/s*)*/H
mP,Q mP,Q

wWhere

k — Boltzmans Constant

T — Temperature in Kelvin degrees ~ 290K.°
m — Mass (Rg), P, — Free Peritod (s)

R - QuaLLtg Factor of spring (damping)

E)campLe, m= 0.5Rg, P, = 10s, R= /2 mMP,R
= 2.5
Thermal Notse = 4 x 1072° (ms2)2/Hz



*1’Temp coeffictent of seismometer “material” > 105/C°

want to resolve Long-period accelerations ~ 10 0g/g
Implies temperature stability ~ 1 uc’

“ How to get uC” temperature stability?
* Thermostating s tmpractical.

“ want to minimize seismoweter’s ability to exchange
thermal energy with its surroundings.

* vault, borehole, enclosure, ...



—=# ‘u= U

Where u = u(t, x, y, z) is temperature as a function of time and space.

a - Thermal Diffusivity in m*/s = k/p c,

Substances with high thermal diffusivity rapidly adjust
their temperature to that of thelr surroundings, because they
conduct heat quiclel,a Ln comparison to their volumetric heat
capacitg or '‘thermal bulk'.

K- Thermal conductivity in W/ m.K’

pc,— Volumetric Heat Capacity in J/m’.K"



Thermal Time Constant

The time constant for heat appLLcol at the surface of a 1-D
insulating body with thermal diffusivity o to penetrate
a distance L

Material Density  Thermal Diffusivity Time Constant
(kg/m3) (m2/sec) (sec for 10 cm thickness)
Water 1000 1.43 x 107 7 x 104
Sand 1600 5.43 x 107 1x104
Aluminum 2700 8.40 x 10 1.2 x 102
Air 1.2 2.20x 10" 4.5 x 102
Styrofoamt 160 1.25:%1.077 8 x 104

+ - LastAfoam 6700
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STS1 Suspension

Spring is a bi-metal structure destgned to
reduce temperature effects.

Observed TC of suspension ~ 3.5 x 10

m/C°or, with a free period of 20 s ~ 4.5 x 107
ms=/C"

To resolve Long-period rms of 107° ms™ we nee
Long-period temperature stability of ~20 uc”



Temperature in the Pinon
Flat Observatory Vault

Temperature
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Spectrum of temperature 2009152-217
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SIGNALS



Largest Earthquakes in the World Since 1200

USGS National Earthquake Information Center

E Gooale Earth KML
(requires Geogle Earth)

Location
1. Chile
2. Prince William Sound. Alaska
3. Off the West Coast of Northern Sumatra
4. Kamchatka
5. Off the Coast of Ecuador
6. Rat Islands. Alaska

7. Northern Sumatra, Indonesia
8. Assam - Tibet

Andreancf Islands, Alaska
10. Southern Sumatra, Indanesia
11. Banda Sea, Indonesia

12, Kamchatka

13. Chile-Argentina Border
i4

Kuril Islands

Date UTC

1860 05 22
1964 03 28
2004 12 26
1952 11 04
1906 01 31
1965 02 04
2005 03 28
1650 08 15
1957 03 09
2007 09 12
1938 02 01
1923 02 03
1922 11 11
1963 10 13

Magnitude
9.5
9.2
9.1
9.0
8.8
8.7
8.6
8.6
8.6
8.5
8.5
8.5
8.5
8.5

Lat.
-38.24
61.02
3.30
52.76
1.0
51.21
2.08
28.5
51.56
-4.438
-5.05
54.0
-28.55
44.9

Long.

-73.05
-147.65
85.78
160.06
-81.5
178.50
§7.01
96.5
-175.39
101.367
131.62
161.0
-70.50
149.6

Prior to 1969 there were only
a handful of Normal Mode
observations, all from
earthquakes > Mw 8.5

Reference
Kanamori, 1977
Kanamori, 1977
Park et al., 2005
Kanamori, 1977
Kanamori, 1977
Kanamori, 1977
PDE

Kanamori, 1977
Johnson et al., 1
PDE

Okal and Reymo
Kanamori, 1988
Kanamori, 1977
Kanamori, 1977



Linear Amplitude
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July 31, 1970 Colombian event recorded at Payson, Arizona
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1970 Columbia
Earthquake Mw
produced first
observations of
mode overtones
using LaCoste
gravimeters
modified with
feedback for
electronic record



Now routine processing Mw > 6.6

Predicted Peak Amplitudes at GSN
(Epicentral Distance > 20°)

-5
10 Arequipa, Peru; June 23, 2001;
I hg=26km; Ms=8.4; Mg=49*1020Nm;
6 e ol thrust event

1 O- - . 2 r S
— , Sumatra, Peru; June 04, 2000;
o g S S S S y/ hg=33km; Ms=8.0; M=7.5"1020Nm;
E 1 0‘7 » S S AT 7 thrustoblique strike-slip event
(o) LA < A __ Minahassa; May 04, 2000;
= == ho=26km; Ms=7.5; Mg=2.4"1020Nm;
= -8 | — oblique strike-slip event
=5 10
g Izu-Bonin; August 06, 2000;
< 9} hg=394km; Ms=0.0; Myp=1.2"1020Nm;
8 10 "normal"/dip-slip event
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Earth Hummmmm

< In 1998, almost forty years a
the 1nitial attempt by Beniof]

al (1959), continuous free
oscillations of the Earth wert
finally observed.

< Earth 1s constantly excited b
spheroidal fundamental mod
between about 2 and 7 mHz
(from S5 fo ,S4,) with nearl

)

constant acceleration and are
about 3 — 5 x 1012 ms-2.



The Earthquake Spectrum

Pertod: 0.2 to 10 mHz
AmpLituolcs: to ~10° ms™=>

RMS Acceleration in Octave Bandwidth (ms-2)
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RMS Acceleration in Octave Bandwidth (ms-2)

The Earthquake Spectrum
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RMS Acceleration in Octave Bandwidth (ms-2)

The Earthquake Spectrum
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Lg Phase observed at PFO,
Mé6.9, Distance 630Km

69 = & \. dbpick: pfo-2009215
Traces v Amp: A v Filter: N v Add Arrivals Add Time Mrk

+32000000.0 cts
+28000000.0
+24000000.0 -
+20000000.0 -
+16000000.0 -
+12000000.0 -
+8000000.0
+4000000.0
PFO bhe00 |
-4000000.0 -
-3000000.0 -
-12000000.0 -
-16000000.0 -
-20000000.0
-24000000.0 -
-23000000.0
=32000000.0 -
-36000000.0 cts 5

clip Level

18:02:30.000 18:03:00.000 1 8:03:0.000 18:04:00.000 18:04:30.000 1 8:05:00.0[]0 18:05:30.000 18:06:
2009215 2009215 20092135 2009215 2009215 2009215 2009215 200



RMS Acceleration in Octave Bandwidth (ms-2)

The Earthquake Spectrum
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RMS Acceleration in Octave Bandwidth (ms‘z)

The Earthquake Spectrum
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Instruments



Feedback Model e

Ground > Suspension —_— Displacement Xducer
Acceleration

Mass forced to
oppose ground
acceleration

Forcer < fFeedback Controller

Acceleration J eLoaitg



Commercial Broadband Seismomete

Manufacturer | Model ‘ Type | Bandwidth | Clip ‘ Noise
Level
Nanometrics Trillium Triax 240s to 1.5mm/s Below 0.65W
240 200Hz up to NLNM
10Hz 100s to
10Hz
Streckeisen STS2 Triax 120s to 1.3mm/s Below Iw (.55W
>50Hz to 20Hz NLNM available)
~300s to
10Hz
Streckeisen STSI1 single 360s to 1.3mm/s Defines ~2W per
>5Hz to 20Hz GSN component
Noise
Model to
10Hz
Guralp CMG3T 3-C 360s to 1.2mm/s Below 0.9W
S50Hz to 20Hz NLNM
?s to
20Hz
Geotech KS-1 & 3-C 330s to 5SHz 8.3mm/s Below 2.4W
KS54000 to SHz NLNM
?s to

20Hz




velocity response [volts/m/s]

Velocity Response Comparison of IRIS/USArray Instruments

105 &
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s151
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G513 +« 25 Hz Low Poszs Filter/Amp

~

78423 (Low Tein Accolgromaior)

10-2 o STSZHG, CMG3T ore purposely offset for clarity.  Both are 20,000 v/m/s
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STS1 with beLLjar

K.S54000 ready to go
down WRA®R Borehole




STS-2



Some Features of the
New version STS-1

“ Non-Galperin: Separate H and vV Sensor
Destgns

= féggoerg—uveLed: Plug and Go un Leveled

“ 360 Second to 15 Hz Passband
< Self-Noise comparable to Original Sensors

o5 Incprpoyates, wielandt/AsSL “warpless
Baseplate” Desigin

2, Three Alumtnum, vVacuum Chambers on
émg{e Baseplate; All-Metal valve

< Integrated Magwetic Shield for V Sensor

< qalvawnic (solation from Pier

See Poster by VanZandt



L)

L 4

L 4

L)

Interferometric
Seismometel

nterferometric Displacement Transducer
Large Bandwidth § Pynamic Range

- No enclosed electrontles; No
Electrical Connections

capable of operating L extreme
temperatures

See Poster by Otero et al.
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Station Requirements for
Long Period Observations

Good thermal sta biLLtg

Solid rock foundations for Local tilt
suppression

Far from coast (Yet island stations are
reguireol)

Humaw Factor ....



The GSN Statlon PALK
100m, steel-cased, Borehole



. ‘ S 'T.\

The GSN Station AAK
The tunnel entrance

e GSN Station AA
owne of the vaults




DGAR - vVault under construction



Final Thoughts

Modern Broadband Setsmonmneter are
pretty good. What more would we Like?

Additional Bandwidth — Long period end

Reduced Long-period noise — small
market

mproved enviromwmental protectiow






aSN station UOS

tunnel hally



Nature’s Calibration Signal:
Earth Tides

SUR channel sensitivity, current epoch
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BFO 2006,090 - 2006,180
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acceleration PSD (dB)

Effect of increasing mass i
Superconducting Gravimete

SG-056 at BFO 2008:267 - 88hrs of data
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USGS Old (1980) & New(199:
Noise Mode
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Berger et al., 2003

‘0

¢ 118 GSN Stations of the IU and 11
networks for the year July 2001 through
Juneg 2002.

L/

¢ Bach station-chanwnel data segmented
Lnto hourly, 1 to 11 howr segments.

< wnolse estimated tn. 50% overlapping 1/
decade (0 f/f=0.33, ~1/2 octave)
bands.



Features of Feedback

 Lumits the dynawmic range and linearity
requirements of the displacement
transducer as the test-mass
displacement is reduced by gain of
feedback Loop

e can easLLg shape overall response to

compensate for suspension free period
and R

e Ccan proviole electrical outputs

proportional to displacement, veLothg, or
acceleration



