Carol Prentice - Haiti

Mark Quigley - Darfield
(Discuss)

Introductory overview part 2

(More discussion?)



What happens at the source

l

Magnitude scales (pp. | |-16)

Relationships between magnitude and slip, rupture

length, rupture area etc.
+

Gutenberg-Richter relationship: Magnitude-
frequency

l

Probabilities from moment accumulation rate and
G-R relationship (or assumed recurrence interval)

(pp. 25-33)
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If you know the principal stresses it
0‘ 2 ; IS easy to solve for normal and shear

’ O- 1 stresses on any fault plane (using
basic trigonometry).

O You can very easily estimate

T the differential stress. It can’t
exceed a few hundred MPa
or the rock will break.
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Coulomb failure criterion: "
The fault can slip if:

T = Oy,



For many faults, earthquake shear stress drop is
much smaller than “background” shear stress

() T = Us X Op,
7))
(7))
Q
-
=
(7))
= |
S earthquakes!
C
(7))
>
time

Fault friction is actually more complicated than this because it
depends on slip speed and the presence of water in the fault zone



What happens at the fault during an earthquake?

Surtace L ult triwee

: -
. / Epicenter
i : v

. 1
: e
"l -
= = e [
T 1
o SR Spreading

. ~._dislocation surface

B. Bolt, Earthquakes, Figure 4.9



+ Fracture starts at the hypocenter
+ Fracture spreads out over some area

4+ Seismic waves radiate from wherever
fault is slipping

+ Disturbance of rock travels far, but rock
does not move far

+ Size of waves depends on how much slip
happens over how large an area



e The rupture grows at about 90% of the S-wave velocity (2 to 3 km
per second)

e Rock on either side of the fault moves at about 1 m/sec (and just for a
few seconds in any place)

S Spreading
e~ dislocation surtace

“—

Ry




e The rupture grows at about the S-wave velocity (2 to 3 km per second)

then

 Crustal blocks on either side of the fault “realize” that they are no longer
attached (because the fault 1s unstuck) and they begin to slide past each other

® COyote runs
off cliff

then

* coyote falls




1994 M = 7.4 Landers,
California earthquake

Total rupture time: 20-25 seconds. Fault is
slipping only where you see the colors.
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When it’s all over... splotchy slip distribution

1994 M = 7.4 Landers,
California earthquake

epicenter
oY 2y

NE "’:18 ¢
g *
£ hypScenter
Qs . ”

pra— Distance (km)
6 m Peyrat et al., 2000

rupture begins at the hypocenter and travels away

(“unilateral” = one-way, “bilateral” = both ways)

We can use this information to get
earthquake moment magnitude...



Magnitudes

(1) Based on amplitudes of surface waves

(2) Based on energy (moment) release



A quick method (pre electronic calculators), involved using a graphical construct (called a
Nomogram) that takes care of the mathematics by constructing the axes in a particular
fashion.

The Nomogram allows one to compute the

magnitude by plotting the distance between the 100 mm i
quake and observatory on the left axis, and the gt i
seismometer deflection in millimetres on the H; NI\MNLWMMWW\’—* 000
right axis. (The amplitude of the deflections in ) e Sl 8- - 500
the supplied table have been adjusted so that 0 o S'P 7- 200
they are what would have been recorded by a w- . g i
Wood- Anderson seismometer — essentially the 00 4— b
actual ground motions have been multiplied by| | 5| o
2000 which is the amplification of the Wood- 5 i s
Anderson seismometer at these frequencies). gl 2L o 2
The points on the left and right axes are % j - |
connected by a straight line, and the 2 =
intersection on the middle axis is the 0, 1- 22
earthquake magnitude. 5 0- At
Magnitude (mm)

Distance = S-P lag time
(km)  (sec)




Seismometer |

J f |
/ Peak |I I| Ipll
* Earthguake Amplitude " | l| | { r|
r—w ."- l L’, .-'.‘-1"1,_ l|"_- N | | L| W a
\ : |
Smismometar 2 | || I| J
b
\ »>
Time
ﬁcbm(';;vlctcr b
GSC: 1 cm =756 mm amplitude
AP AN N AANN ANNNAAANPAN

SVD: 1 cm = 1262 mm amplitude

MLAC: 1 cm =96 mm amplitude

WJWW\MMMWWMMAW

0 50 ! 100 150 200
Time scale (seconds)

C. Ammon



Why doesn’t the Richter scale work well
for large earthquakes?

It is based on Wood - Anderson seismographs from the
1920’s (and their modern equivalents), which measure high-
frequency waves well, but not low frequency waves.

Most energy from big earthquakes is carried in low-
frequency waves, which Wood - Anderson seismographs (and
modern equivalents) cannot detect!!

» Therefore, the Richter Magnitude for really big quakes is
too low.
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Magnitude Symbol Wave Period
Local (Richter) M S or Surface Wave* 08s
My

Body-Wave P ls
Surface-Wave M, Rayleigh 20 s
Moment M,, Rupture Area, Slip >100s

*whichever’s biggest at a period of 0.8s, and ALSO always
using a Wood-Anderson seismograph (or converting
amplitude so seismogram looks just like one from a WA

seismograph)
my, M S ’\
measured measured
h ere here
*‘éw*“f“““mwﬂw”ﬂ“v’"” i |1!M A‘N‘T"“WMV
l l l l l l l l l l l | l l l l l | l l l l l l l l l l l
1000 1500 2000 2500 2000

Time (s)
N. Pinter



Mp and M. are inadequate for
large earthquakes
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Sumatra Earthquake: 26 December 2004

measured in Victoria BC

26 December UTC PGC.LHZ 24 Hour Plot starting 26 December at 0000 UTC 25 Decsmber Local
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These low-frequency waves 16 hours later are still from the same earthquake.
Higher sensitivity instruments show that the Earth rang like a gong for days,

really long period (low-frequency) waves!



Earthquake magnitude scales

Magnitude Symbol Wave Period
Local (Richter) My S or Surface Wave* 08s
Body-Wave my, P ls
Surface-Wave M, Rayleigh 20 s
Moment M,, Rupture Area, Slip >100s

C. Ammon

Mw is calculated from the earthquake energy release,
which can be done with many different kinds of data, such
as very long-period wave recordings from special (“broad
band”) seismometers and even GPS measurements of
permanent ground displacement

Mw Is best for large earthquakes



Seismic moment M, =

(slip varies with position so M, = / Gs dA)
A

* units: s (M) xA (m?) x G ( ) =

moment is defined in physics as force x distance

« values are . 2.3 X 1020 N m for the

1999 Izmit M 7.4 earthquake

» we have recipes to convert Mo to something that looks
like the Richter magnitude (log scale, up to 10)



Energy devoted to seismic shaking is just a tiny % of
the total energy of the earthquake (seismic moment)

0.1%
L i 0.001%
i v
ok sy §§A
o 0.00001%

1 1 1
I 2 3 4 > 6
FARTHQUAKE MAGNITUDEM

In a large earthquake, proportionally more energy goes to shaking
(and the energy 1s spent on shaking at lower frequencies).



Magnitude as a function of slip, rupture size, and stress drop

SURFACE

L A

SCHIZOSPHERE

SMALL (L =W)
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PLASTOSPHERE

Fig.4.9. Diagram illustrating the definitions of small and large earthquakes, showing
hypocenter (H), epicenter (E), moment centroid (MC), and the dimensions of rupture

(a, L, and W).



Moment magnitude versus rupture length

Moment Magnitude (M)
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Moment magnitude versus slip
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Wells and Coppersmith, 1994

This means that slip scales with rupture length too...
which is good news for paleoseismologists



Moment magnitude versus rupture width
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Moment magnitude versus rupture area
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Slip (s) scales with rupture length too, and Mo, = GsA.
Therefore Mo is proportional to L3 (for small quakes) or
L2W (bigger ones)



Conversion to My: Hanks and Kanamori, 1979
(100% empirical)

log Mo = 1.5(My + 6.0333)
My = log Mo/1.5 - 6.0333

Mo = AsG

M, MomentM, Length  Slip Area
4 105N m 1000m  2cm 1 km?
5 3.0x101* Nm 3000m 10 cm 9 km?
6 1.1x10 N m

7 3.5x10 N m

8 1.1x10%21 N m

9 3.5x102Nm 1000km 20m  10° km?



In-Class Activity: Moment magnitude and scaling relationships

(1) Fill in the blanks in the table below, using the data from Wells and Coppersmith (1994). (Mo was calculated from Mw
using the second equation below.)
(2) Moment release of an earthquake with magnitude N+1 is  times as great as for an earthquake with moment N,

and  times as great as for an earthquake with magnitude N-1.

(3) Calculate the moment for one example from the table, using Mo = AsG. If it does not agree, what might be the cause of
the error? Assume G =3 x 1010 Pa,

M, MomentM, Length Slip Area  Duration of slip?

4 101N m 1000m 2cm 1 km?
5 3.0x101* Nm 3000m 10 cm 9 km?
6 1.1x1018 N m
7 3.5x10° N m
8 1.1x10%1 N m
9 3.5x10Nm 1000km 20m  10° km?

log M, = 1.5(My + 6.0333)
Mw = log Mo/1.5 - 6.0333
Mo = AsG




Marshawn Lynch
hits the hole

4 seconds I
|

Ball hiked
0 seconds

SEISMOGRAM

Lynch breaks
through the line
4-6 seconds

Lynch breaks
another tackle
7-9 seconds

Lynch shoves Saints cornerback Tracy Porter, knocking him
5 yards downfield
10 seconds

An earth-shaking victory

A raucous Seahawks crowd created
a mini-earthquake during Marshawn Lynch's
climactic touchdown run in
Saturday's playoff win.

'r

Extra-point Is kicked
by Olindo Mare
53 seconds

5-MINUTE SEISMOGRAM

Source: Pacific Northwest Seismic Network
MARK NOWLIN / THE SEATTLE TIMES

John Vidale,
uw



Subduction zone earthquakes release most of the
Earth’s elastic strain energy

Glant Shallow
Earthquakes 1900-1998

All

Others

Shallow Earthquake Moment Release
1900-1989

The 1980 Chile |

: Earthgquake |

Other . Sequence [

| Subduction Zone “
‘ Events

Earthquake Moment
Release

Chils 1960

Kamchatka 1952

Alsutian lslands 1965

Al Other Eart hquakes

Bources: Fachecs and Bykee, 1992

Flate Boundary Type

Subduction

Collision

Continental

Diffuse

Transform
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A range of magnitudes are possible for a given

rupture size

Seismic Moment and Source Dimension

A Cajon Pass Borehole (Model 2}
» Various Combined Studies
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log Mo = 1.5(My + 6.0333)
Mw = log Mo/1.5 - 6.0333
Mo = AsG




Slip rate, recurrence interval, and
moment accumulation (p. 25-33)

Unified California Earthquake Rupture Forecast (UCERF)

O, @ ® O,

Fault Deformation Earthquake-Rate Probability
Models # Models » Models # Models
: Provides fault slip rates used to Gives the long-term rate of all Gives the probability that each
Specifies the spatial geometry
sy calculate seismic moment possible damaging earth- earthquake in the given Earth-
of larger, more active faults,
release. quakes throughout a region. quake Rate Mode! will occur
during a specified time span.
4202521342123 7122- 1120210 119 =138 7207 #11€ -115 114
. 4 \ Ve NE Calitornia (Arca 2% 4 mmmyyr
: \ \S Mohawk Honey Lake (Area 3k 4 mm/yr
§ f - N Western Nevada (Area 4 8 menvyr
— Foothills Fault System (Area 1): 0.1 mm/yr

Eastem CA (Mojave), 4 mum/yr

imperial Valley

36 (Aseismic)
35
34 \\
San Gorgor
2 =
33 |
B i N
0 10 20 30 LY -
32 Sip Rate (mmyr) B « Urknown)

slip rate, area of the fault, G » moment accumulation rate



Locking depth model: stick-slip in upper crust, aseismic slip
at a constant rate below it

earthquake! 2 steady interseismic one earthquake cycle
(geologic slip rate)

Plan view

1]

Cross section view

| o




slip rate, locking depth, length of the fault » moment accumulation rate

(moment accumulation rate) x > expected moment release (size of
(recurrence interval) earthquake)

Probability depends on coefficient of variation - how regular are the
quakes?

Discussion assumes a “characteristic earthquake” model, but this is
debated

Discussion also assumes that we know the rupture area before the
quake happens: but many quakes are multi-segment ruptures



Wesnousky et al. (1983)
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Fig. 1. Expected number of events versus magni-

tude on a fault during the repeat time of one
M™% avent, predicted by the (a) b value and (b)
maximun magnitude models of fault behavior.

Comparison of b-value (GR) vs maximum magnitude

(CE) models based on slip rates/fault lengths in
Japan. Concluded observations favor maximum

magnitude model.

Schwartz and Coppersmith (1984)
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1944 Repeated Offsets: North Anatolia Fault-
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Characteristic Earthquakes hypothesized to have:
O Similar slip distributions
O More slip in regions of high slip rate

c) Characteristic Earthquake Model
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Parkfield Earthquakes:
Complementary, not Characteristic Slip
Distributions
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Every catalog, by itself, is G-R...

- 20 km from Southern San Andreas Fault
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... although the rates (a-values) do vary!



