2026/5/6 £59:15 Summary

F=5 MEBHEMIKAEIEE : 208 EREN

(I

+d

Q1. Pg * Pn - PmP &%ER

e Pg (GraniticPwave ) : itz £fE ({EEaE ) PEBENEZEP K - BEX 5.5-6.0
km/s - Z3TEEEE ( < 100 km ) ERTRNZENEM -

e Pn (E¥ - Head Wave ) : & Moho EIBEBIMIRZRE (4 7.8-8.2 km/s ) BI1T1HE
ESR (head wave ) - BREEBIEL 180km % - Pnth Pg BREZE - lBER ° Pn
HE B BN B N AR IEIRE P RRE -

e PmP ( Moho &1 ) : £ Moho B L E4AMWEAKS P K - EHOHRASR - PmP
RigtdoR (EARY ) - IARBEEN Moho WREBIME

—EERR%  TIEEEL Pg BEK ; RS AR Pn 553 ; PmP RUERHEHANTRME ZE -
RERTN -

Q2. ¥ 2$38 Moho @ ?

1909 Fre Bt BB R EEI& S ( Andrija Mohoroviéic ) 247 7 1909F ERMMERTE
FraCik - MERERE .

- M4E PREIR  AEEBE SIS RUNE—4 - ZIEERESILRINEIMA PIRRIR - - tiSERIEN—
A (XN5.6km/s) BEREMRIEENEEZEP K (Pg)  ®RIEMW—4E (K 7.7 km/s) BRE
REFAMSREREERRBITMWER (Pn) - -FABKEERASE $T = x/V_1 + 2h\cos
i_c/V_ 0% REEMEREE h=54 km ( BB BBUMARELN 35-40km ) -

ICEE A EER (HFRESS ) RIS Moho | ( EEH ) - RSEMEREAMKH IR

Q3. ¥ Moho EMFEE S %

&= Moho #E
ROFEMFR #5-10km (¥ 7km) - EEHH—
REEMER (F19) #J 35-40 km

IBERNE (WRIEE) o] 42-45 km

file:///C:/Users/sam%20awa/Downloads/%E5%A4%A7 %E5%AD %B8%E7 %9B%B8%E9%97%9C%E8%B3%87 %E6%96%99/%E5%AD%B8%ES%B...  1/14



2026/5/6 £59:15 Summary

s Moho EE
WARIRER (W= B - 22t ) 55-70 km ( #7ER4R - isostasy #1E )
RERES (MRIEHRE ) % 25-30 km ( #hERIIE )
JEEE (BEERR ) #4330 km - PniREEBIE ( ZhiheR )

Z£IK Moho FEHEMERM A E E48E] (isostasy ) : LIES - MERREZE - KEMERA Moho
BHY—  RIEFREN—ZHERA -

Q4. ftE 2 Ray Parameter ( iR 281) ?

HRZ2EH $p TS ¢
$$p = \frac{\sin i{v} = \frac{r \sin i}{v} \quad \text{ ( EkE&ithBk)}$$

$i$ RERAEEHHRINKRAE - $v§ BZAREE - $r$ HEEMOEEEE -

$p$ JnE—HRMEEIERITAE (Snell ERAOERE ) -

REF : $p = dT/d\Delta$ - BEIERHRAIFIE -

MIEREE : $p$ HE—IRE R4 ; $p$ HK - FARMBIKTFHE - EBREMRE
$p$ /) - BIARHIBE - ZFBEMR

%]‘ﬁﬁiﬁl%?ﬁ%ﬁm?%ﬂIﬂiﬁ%i’&ﬂi%ﬁ%ﬁiﬁﬁ’\]@/brﬁ%% - Herglotz-Wiechert 8 73A 1IEE MU
$p(\Delta)$ BEMR R EREEE -

Q5. RBRSET - FLEMERZIIEZ RIS REIR ?

SREBREZEIEN (MMM EREES 410 km 5 660 km AEEH )  FEE=YK
( Triplication ) :

. E%EJELEJZ%T@?E%T% SR EE - FBE—EREE $\Delta$ TBE=1EAE & EE)ZE
o ERFHBALIR=EnZ (MELER + —EBxkEP?<) -
e AN ( retrograde branch ) &7~ $dT/d\Delta < 0% - BDEEE#IZ A - FEFRF M
I\ e
o NEREERWAMERME (caustic) - IRBER LBRE\EREAN (ERZERBEXRIEFIMA
AIRIE ) -

EtamaikFWE - 52K (IR X ) ~ SEAREIR - UEREDZER - BI=X
FIBS - K 410 km #1660 km A3 E%EEIEEW%T%Et:E/EZE’\JIxXﬁ °

file:///C:/Users/sam%20awa/Downloads/%ES5%A4%A7 %E5%AD %B8%E7 %9B%B8%E9%97%9C%E8%B3%87 %E6%96%99/%E5%AD%B8%ES%B...  2/14



2026/5/6 £59:15 Summary

Q6. RUBEBEET - FLERIIEWARR (RR) ?

{E3%% ( Low-Velocity Zone, LVZ ) ®3EEFEFEE R/ - Snell ERE R G 48 01K & /5 [0) &

T :
o FifFENBRRERME FER (MIFLIFEMER ) - REFGEEENBEREAND -
o EREBMAIMNEZEEIHIR "B, KB X ERENG G E R FEE
BEEFE  BHERI $\Delta$ HIFHKIE -
o PIBEEMEREHEN  HRLBETMEEFTHDEZE  FAFE (Shadow Zone ) -

218325 (CMB ) 75 PIRIREMEMRAIZ) 13.7 km/s BRFEZIMZA 8.1 km/s - BAEE Ak
PIKTEX 98°-145° X BHRA -

Q7. {25371 5% ( Core-Mantle Boundary ) ?

1906 % Oldham EERE) . KEREE (> 100°) B PRZIREARRE TBE . - #ERHERAED
B— AR -
1914 & Gutenberg EiEEMETE CMB REA %A 2900 km - EZ2EE :

1. PR & | PRERREE 98°-145° ZETRK - BEIEEIMXIRERE ST AR IT S AR M iRA
BEEMRNETZRE -

2. PKP K : ZF#IMZA PR ( PKP ) 7£ 145° DIB B HIR - EREHAREM R P IREIRERA
=i - k&L CMBRE -

3. SIRHR : IMZABEIE S K (&RE& ) - ScS (CMB k& S ) REVRAIMER CMB BE-/R&
ZR -

4. PcP 251K : CMB 8925 P K PcP RUZERIEHEAIR CMB R E -

Q8. FIERSBRH T AR

A2 ( body wave ) A ZIRERIBEME

KB 7 AF
R o B 1 B AR
Hh R o B Z BT YR

file:///C:/Users/sam%20awa/Downloads/%E5%A4%A7 %E5%AD %B8%E7 %9B%B8%E9%97%9C%E8%B3%87%E6%96%99/%E5%AD%B8%ES%B...  3/14



2026/5/6 £59:15 Summary

R 1H At AR
PP /SS TR 5 —RE P/S K
PPP / SSS R G R
PcP / ScS £ CMB 5189 P/S i
PKP FHIMZ (K= 9MZ PR ) B PIK

PKS / SKP £ CMB B#RH (PoS)
PKIKP (PKP-DF) Z#9MZz + RZH P K

PKiKP EAIMZEFT (ICB) k5%

pP / sP REMD EEE - EMRRFER PR (AREEBRRE )
Pdiff o CMB #&58 PR ( e &R )

PKKP EIMZIESRR (ICB ) & - BRERHER

AR MRA  KEP/S=#K; K=ZPK ; I=R"RZPK;J=A"AZSK,;c=CMBx
5, i=I1CB &8 ; /h\&p/s=LTK(FE) -

Q9. Core Phases ( #%i#H ) 7+ 48

R EF U EZIEESR (CMB ) /RIMZIESR (ICB) HEFRNEM :

PKP K ( ZF#IMZ PR ) -

- ERNHAZAMEDSZ : AB A2 (&E - & $p$ ) MBC 732 (1IEM - 8 $p$ ) - #EX 143°
EEFMERN ( AIRIE) -

-PKIKP ( DF 937 ) ZFHEIREAYZ - EFE (98°-143°) 1OR - EMEAZNEIEEA -

Pdiff : RSB &S 4a CMB BT - BR&STK - JaEFRPHAT - Bixkig/\BIE
RIE -

PKP precursors ( PKP BIJER ) : PKP-AB JK7E M ERIMIEKEY CMB BT I s 8138 EalgY - 1IRFE
AFE - 25 CMB Mfia/hWRERIGHHNIE -

ScS/ PcP : CMB =54/ - ScS R SH D&% CMB T2 R 5 ( REIMZABSIK ) - iikiE
B ; PcP RUPBEINEZER 5% - 855 -

SKS/PKS : ZFHIMZIGFSEP (X PES) - HEBREIMZ - SKSESZREUTE  EF
il _EERI AR R SR AEBIYIR 3 - BRI B OEEIERKAE (R Ql4)

file:///C:/Users/sam%20awa/Downloads/%E5%A4%A7 %E5%AD %B8%E7 %9B%B8%E9%97%9C%E8%B3%87 %E6%96%99/%E5%AD%B8%ES%B...  4/14



2026/5/6 £59:15 Summary

Q10. f+E 2 Antipodal Focusing ?

HIEFA R (Antipodal Focusing ) 1EtEREBEZERE MR ( EREE $\Delta = 180°
$) iaRs - BEERBI A MEREPAHIRS !

o IREEMIEKMBI M ESUBRHENMBAANUANIE EFUMNKETBEZ LI
B3 -

o AMMIEHEAF $\propto 1/\sin\Delta$ % $\Delta \to 180°$ 58 #EES ( 4B $\Delta
= 0°% BIRMIE ) - ERIRIEER_ LEX -

o BERL  EEABMNERAHEIOMEREMRIIEEHEEL  BNUHAIZBEENIRIE
1 -

o ELFMAAEEIEF $\propto 1/\sin\Delta$ 7£ $\Delta = 0°$ #1 $180°$ EH K ( BEE
Eh) - 72 $90°% &/ -

Q11. Upper Mantle Structure : {BEFE 5 EF R0

Rk R EAE B LMk

=0 E (Lid) ;iR MAEELK 80-200 km - PREES ( ~8.1km/s) - [MItiR - BERIEE
g - BERMME (FPH <10 km - BEZ=®E ~200 km ) -

3% (LVZ, Low-Velocity Zone ) : £ 80-220 km #E - ®RELE Lid 8 - [RE : - BE#E
MERBRYN  HBOBRYVHBREERE AR - - EAMERIESARME  BETEEHERE -
- NE FHEERE ( Asthenosphere ) - BEEIRIRES) - - KOFWRIE T LVZ BBER - B E R
BT LVZ OEAERE -

BET (BEAEER) : -410km AEER : BIBA - RXEAHEE  BE2H  EE=X
oo -660 km FIEEM : 2R A — LHKE + H£HEEEE  FEBREH B—4H=Y
o - EMEREEERE 7 IREES ( Transition Zone ) -

660 km LUNA T EREER - REFB EFrE CMB EHRYD'E -

Q12. Anisotropic Earth Structure ( FEE 4 thIK1EE ) FREA

IKLIEseE @R - EERTTEARMEE

file:///C:/Users/sam%20awa/Downloads/%E5%A4%A7 %E5%AD %B8%E7 %9B%B8%E9%97%9C%E8%B3%87%E6%96%99/%E5%AD%B8%ES%B...  5/14



2026/5/6 £59:15 Summary

FRERH © 1. LPO ( ®IBEBESRE ) : B4 ( LR EREY ) EEIERN T R#ED
§J HJBEEE/ RIBEE) T » 2. SPO (ikBERE )  REERE (WEERERERERE )
EBOEN -

Em@ZEEY ( Transverse Isotropy ) : HITEEER (YKFERE ) - TS5 EEMEE (A,
C,F L N) - Love & Rayleigh MBS AIBINEREZ ($V_(SH) > V_{SVI$ ) T2 8Bt iF s
mEmEEMHEE -

HUZEEY  PnREBEAUAZE $\cos 2\theta$ &1t - EFEREKE WA RARE (MIBG
RERE SRR ) -

AzEEEN  PKIKP GBS mEEREHERE 3% - BESE &R CBEMmBEENES -

a AR

Q13. 5t & ( Shear Wave Splitting )

Bt 53 % ( Shear Wave Splitting ) 3845 S IREAZDE SN ER

1. [R% S /}EZ/\§J7EZ';FIﬁ1IEIIE5&’fﬁ1I:E’J SR R SR ($S_1$ - ntRiEER(E ) A8 S K
($S_2% - niEEERIL ) -
2. m,&uxngmﬁ% FEQUREERBEILEE $\deltat$ ()
3AIE2E - RIKIEIESE $\phi$ ( REBOEMHEHASE ) MNIEERRE $\delta t$
(RBREFOEMBRE x BE) -

WEARE - CEIE $\delta t§ BEB 0.5-2 1 - BRI R BB BLEEN 50— - -
BRES - BUTRTTEE (D BRER) - - TR (ATAEE) 7 D'EHE

Q14. BfufEA SKS RHHIFFEE K72 ?

SKS R (S — SMZ P — iR S ) 2R AR ZOEUNRERE - RRA -

1. SMZIBFRECEE  SKS TEIMZLL PR ERE ( RAERIMZIES K ) » BiE CMB B#EIA S K
5 - FREERENSOEEEMEALR - PIERZIRN2H 100% REZFRSIE N AR

2 EFEEAS  SKSLULEEBEFM EIMIR - EEEKCETRSITIENS - ZEH#ET
};:IEJ °

file:///C:/Users/sam%20awa/Downloads/%E5%A4%A7 %E5%AD %B8%E7 %9B%B8%E9%97%9C%E8%B3%87 %E6%96%99/%E5%AD%B8%E5%B. ..

6/14



2026/5/6 £59:15 Summary

3. SH/SV 73 &5 : SKS i EA4E SV WL - FHithE
e - BIABOEUIRNEESEE
4. KREESRFETIA @ SKS 1F 84°-180° I Ol#ifl - ERIEE -

soEkRfEE (SH ) 7 & IR SKS

Q15. f&¥EEl 3.6-1 £ 3.6-7

178 Seismology and Earth Structure

~~AAN

Foran isotropic material, the ¢y, tensor can be written in terms
of two independent elastic constants

it = A0 Oy + (S5 + 6,6, (3)

so its matrix form is

i+2n A A 000

A A+2u A 0 0 0
c - i i A+2u 0 0 0 4)
o 0 0 0 @00

0 0 0 0 u o0

0 0 0 00 pu

However, the crystal structures of many earth materials re-
quire additional independent elastic coefficients. For example,
ice, quartz, olivine, or plagioclase feldspar require 3, 6, 9, and
21 constants, respectively. In such cases, the matrix is more
complicated.

One of the most important forms of anisotropy, known
as transverse isotropy (also known as radial anisotropy,
axisymmetry, and cylindrical symmetry), occurs for a stack of
layered materials. Each layer is isotropic in its properties, but
these properties differ between layers (as in plywood). Thus the
elastic properties, and hence seismic velocities, of the stack as
a whole are identical regardless of the amount of rotation
about the axis of symmetry, which is perpendicular to the layers.
However, these aggregate properties differ in the perpendicular
directions.

A transversely isotropic material can be characterized by five
independent elastic coefficients, A, C, F, L, N, that represent its
aggregate properties. If the axis of symmetry is x, so properties
in that direction differ from those in the x,—x, plane, the elastic
constant matrix (Eqn 4) becomes

A-2N

o
Z

C,

‘i =

(3)

cocom =
co o>

ccoOTmT
comooO
oMo oo
Zooooo

Comparisons with matrices 2 and 4 show that terms that were
the same for an isotropic material (consider C,; and Cyy, or Cg
and C,,) now differ, because terms involving the x, direction
differ from those in the x, or x, directions.

This matrix gives the velocities of waves propagating in dif-
ferent directions. First, consider waves propagating in the x;
direction (Fig. 3.6-2, top). By analogy to the isotropic case,
A corresponds to A + 2 for the x, direction, N corresponds
to u for the x, direction, and L corresponds to u for the
x4 direction. Thus the P velocity and the two orthogonal §
velocities are

X
Xy
T 5, P, X,
¢ e
Direction of propagation
X
[ P Direction of
propagation
S
A
4
X

Fig. 3.6-2 Cartoon showing the effects of transverse isotropy due to
layering. Top: Directions of oscillations for P and § waves propagating in
the x| direction, in the plane of layering. The shear wave oscillating in the
plane of the layering has velocity S, which is generally faster than that
for the shear wave oscillating across the layers, S,. Bottorn: Directions

of oscillations for Pand § waves propagating in the x direction,
perpendicular to the layering. The compressional wave velocity, Py, is
generally less than P. Both shear waves have the same velociry, §,.

Py =(Alp)"2, 8, =(Nip)'2, S,=(Lip)"™. (6)
Hence the velocity of shear waves traveling in this direction
depends on the directions of their particle motions. The waves
become split, with waves polarized in one plane traveling
faster than those polarized in the other. This is one way to get
splitting like that shown in Fig. 3.6-1. These results would
be the same for propagation in the x, direction, or any other
direction in the x,—x, plane, because physical properties in this
plane are independent of direction.

In many applications, the horizontally layered earth shows
transverse isotropy about a vertical axis. The SH-wave velo-
city §, is generally faster than the SV velocity §,, because the SH
displacement is preferentially in the fast layers, whereas SV
samples both equally. An interesting consequence is that the
shear velocity inferred from the dispersion of Love waves,
which are SH waves, would be higher than that from Rayleigh
waves, which involve SV.

3.6-1 (BARESOEUREE)
RABMEBLERN=_E=EXH (a b cH ) HEAGB PKEE -
(~9.89km/s) - ia b ([010]) B -

o a B3 @ ([100] ) &R
i c B ([001]) &18 ( ~7.72km/s ) - EEEFRME
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Fig. 3.6-5 Left: Seismic reflection profile

of the crust and upper mantle in eastern
Australia. The lower crust has multiple,
discontinuous, and sub-horizontal reflectors
possibly due to strain-induced fabrics,
igneous layering, or free fluids. This
structure yields vertical-axis transverse
isotropy. (Finlayson et al., 1989. Properties
and Processes of Earth’s Lower Crust, 1-16,
by permission of Australian Geological
Survey Organisation.) Right: Schematic
cross-section of the crust in the northern Ruby
Mountains of the North American Basin and
Range. There is a strong tendency toward
horizontally layered features, although the
likely origins of such fabrics vary with depth.
(Smithson, 1989. Properties and Processes
of Earth's Lower Crust, 53-63, permission
asabove.)

(Fig. 3.6-4, top) appear to orient olivine crystals preferentially
in the spreading direction, along their [100] slip axes.! Because
P waves propagate fastest in this direction (Fig. 3.6-3), P, head
waves that sample the uppermost mantle just below the Moho
(Section 3.2.1) show a strong azimuthal velocity dependence
(Fig. 3.6-4, bottom). This variation is approximately described
by the cos 26 term in Eqn 9, where € is measured from the
spreading direction, so the velocity is highest in the spreading
direction or 180° from it. This anisotropy is “frozen in” as the
lithosphere ages, and so records the spreading direction.

Because continental crust is more complicated than oceanic
crust, so is its anisotropy. A primary source of anisotropy in
the upper crust is the presence of cracks, often fluid-filled.
Such cracks often have a near-vertical orientation induced by
regional stress fields parallel to the cracks. When these cracks
occur in horizontal sediments that would by themselves have
vertical-axis transverse isotropy, the combined result can be
orthorhombic symmetry. The lower continental crust tends to
have strong sub-horizontal layering, perhaps resulting from
ductile deformation, which causes seismic anisotropy. Fig-
ure 3.6-5 shows such layering in a seismic reflection profile and
a schematic diagram.

Anisotropy within and beneath continental lithosphere is
often studied with a technique called shear wave splitting. When
SKS waves convert from P waves in the outer core to § waves in
the lower mantle, they are entirely polarized in the radial (SV)
direction, because all the initial SH energy was reflected when
the downgoing § wave encountered the core-mantle boundary.
As these shear waves travel across the mantle and crust, how-
ever, they can be split when traveling through anisotropic media
(Fig. 3.6-6). Assuming transverse isotropy with a horizontal
axis of symmetry, the two polarized waves travel at different

U This representation of crystallographic axes is discussed in mineralogy texts like
Klein and Hurlbut (1985).

[E 3.6-7 ( &3k SKS »EEAE )
Rt [E E DI R ERAR R B SRS
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BRI 7R BN RIS O E QI R RS -
EQABERE - - BERNA
BN EBEREEY -

- REHARE

(gdEsEenliE

anBA AR R By LPO WNMEiS Ak P IR R ERY TS KR -

SHY SKS BRIRFT R EHEERE ( RERRE
BGRR[0 R R AELE SN /5 [0 — 3B - S35t
- B E M o] R R TS M B2 8 1
) B9 $\delta t$ &)\
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3.6 Anisotropic earth structure 181

cover

detachment fault
mylonite zone

migmatitic core

mid-crustal mylonite

2zone related to

thrust belt compression
possible gabbroic

intrusions largely

sheared and rotated

large scale pure shear
accommodated by simple
shear concentrated on
lower crustal mylonite zones
mafic cumulate or residuum
Maho, consisting of
interiayered mantle

and crustal rocks —
possible magma

Transverse
Slow direction
direction
L
N Fast
L diection
Split shear waves

.

8t

Radial
direction

Fig 3.6-6 Splitting of an incoming shear wave into pulses oriented along
the fast (s)) and slow (s,) directions of anisotropy. The polarization

angle ¢ gives the rotation of the fast axis relative to the radial propagation
direction, and &t is the time difference between the split pulses.

speeds and arrive at different times. Thus, if the SKS signal on
the radial component in an isotropic earth is s(#), its projection
into the fast and slow polarizations is, respectively,

sy(t)=s(t) cos @, —s,(t)=s(t—&t) sin ¢, (12)

where ¢ is the polarization angle between the radial direction
and the fast axis, and 8t is the delay time between the fast
and slow polarizations. We would normally not expect any
SKS on the transverse component, but anisotropy yields a com-
bination of both the fast and the slow polarizations on both the
radial and the transverse components, given by

R(t)=s(?) cos? ¢+s(t— &t) sin® ¢,
T(t)=(s(t) - s(t — 62))/2] sin 2¢. (13)

For example, in Fig. 3.6-7a (top), SKS appears on the trans-
verse component. The two components are rotated to yield the
fast and slow polarizations, s, (¢) and s,(t) (Fig. 3.6-7a, middle).
The time shift 8¢ is then applied, and the signals are rotated

JZ< $\delta t$

TREEH - RBRABRH
[z RER 55 AU T0) 14 B R
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Q16. KEBIEREEE MO R ?
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1. {0 #E5L ( Geometric Spreading ) : KBIEIEREIEEIEX - 2R ERE - 2K IRIE
$\propto 1/r$ ( BKEUKATEITE $\propto rr2$ ) ; EIRIRIE $\propto 1Asqrt{r}$ ( 1
HER ) -

2. 7151 ( Scattering ) : EEATE (RERIKE ) REEERMSNEEMAR - ERE
RERNER (coda) - FRIRIEREE -

3. 241 (Multipathing ) : EEEEFISOEE KR (B ) HBE - BRIFENE
BRI — - (EFEFEBES -

[

4. JEEMTR ( Anelastic/Intrinsic Attenuation ) : WERENEEE(LAHEE - DImEBERF
Q 21k :

$$AKX) = A_0 \exp\left(-\frac{\omega x}{2cQN\right)$$

SEREER ($\omega$ X ) ; Q) RAHESE - REIBEEHEIRE 218
AREIE R B RBIRIERE -

Q17. B El 3.7-1
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186  Seismology and Earth Structure

MNV i

(Mina, NV)

(St Louis, MO)

Fig. 3.7-1 Regional variations in attenuation seen in seismograms from
an April 14, 1995, earthquake in Texas recorded in Nevada (MNV,
A=15°) and Missouri (MM18, A = 14°). The MNV record has less high
frequency energy because the tectonically active western USA is more
attenuating than the stable mid-continent.

there are many important implications and applications of
anelasticity.

Anelasticity results because the kinetic energy of elastic
wave motion is lost to heat by permanent deformation of the
medium. The large-scale, or macroscopic, term for this process
is internal friction. Among the smaller-scale, or microscopic,
mechanisms that may cause this dissipation are stress-induced
migration of defects in minerals, frictional sliding on crystal
grain boundaries, vibration of dislocations, and the flow of
hydrous fluids or magma through grain boundaries. Theoret-
ical and experimental work is being carried out to examine
possible mechanisms of seismic attenuation.

The study of anelasticity has lagged behind that of the
elastic wave velocities because of the complexities involved in
measuring attenuation and understanding its physical causes.
Although measuring seismic wave amplitudes is straightfor-
ward, they depend on both the source, which is not perfectly
known, and all the elastic and anelastic effects anywhere along
the paths that the seismic energy traveled between the source
and the receiver. Hence it can be hard to distinguish the effects
of anelasticity from elastic processes.

This inherent uncertainty is somewhat compensated by the
fact that variations in anelasticity are large, as illustrated by
comparison of records of an earthquake in Texas at stations in
Nevada and Missouri (Fig. 3.7-1). The Nevada seismogram
has much less high-frequency energy, showing that the crust
in the western USA is much more attenuating than that in the
Midwest. By comparison, seismic velocity variations between
these areas are generally less than £10%. Even so, because of
the difficulties in measuring attenuation, variations in attenua-

Summary

0 —
05 15 25 35 45 55 6.5 75
Normalized temperature

25 4

Normalized velocity
~
.

T T d
05 15 25 35 45 55 6.5 75

Normalized temperature

Fig. 3.7-2 Schematic representation of the variations of seismic
attenuation (fop) and normalized velocity (bottom) as a function of
normalized temperature changes. Attenuation is more sensitive to
increased temperature. (Romanowicz, 1995. J. Geophys. Res., 100,
12,375-94, copyright by the American Geophysical Union.)

tion at both regional and global scales are much less resolved
than similar variations in velocity.

Attenuation is valuable for studying temperature variations
within the earth. Many important geophysical processes (mantle
convection, plate tectonics, magmatism, etc.) involve lateral
variations in temperature. Elastic velocities are also sensitive to
temperature, but are better for mapping cold (fast) anomalies
like subducting slabs than hot (slow) material like that at
midocean ridges (Section 2.5.10). As shown in Fig. 3.7-2,
seismic velocities depend nearly linearly upon temperature,
whereas attenuation depends exponentially on temperature.
Thus combining velocity and attenuation studies can provide
valuable information. Figure 3.7-3 shows the velocity and
attenuation structure at a portion of the East Pacific rise axis,
where a low-velocity, high-attenuation region is interpreted as
a melt-filled magma chamber.
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-1 $\Delta = 90°% &  EWLABHEFBA (EBEHE) - - & $\Delta = 0°% 7
§180° ( EEMMIES ) B LAUBHEFBEAS) (EERE) - KERBLIBHER
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Fig. 3.7-3 Results of P-wave velocity (top) and attenuation (bottom)
tomography across the axis of the East Pacific rise. (Solomon and Toomey,
1992, reproduced with the permission of Annual Reviews Inc.)

3.7.2  Geometric spreading

The most obvious effect causing seismic wave amplitudes to
vary with distance is geometric spreading, in which the energy
per unit wave front varies as a wave front expands or contracts.
Geometric spreading differs for surface and body waves. For
a homogeneous elastic spherical earth, a surface wave front
would spread as it moved from the source to a distance 90°
away, refocus as it approached the antipode on the other side
of the earth from the source, and so on. The amplitudes would
be largest at the source and antipode, where all the energy
would be concentrated, and smallest halfway between, 90°
from the source. On a homogeneous flat earth, the surface
waves would spread out in a growing ring with circumference
27, where r is the distance from the source. Conservation of
energy” requires that the energy per unit wave front decrease
as 1/r, whereas the amplitudes, which are prnpnrnonal to the
square root of energy (Eqn 2.4.65), decrease as 11’\)' However,
because the earth is a sphere, the ring wraps around the globe
(Fig. 3.7-4), making the energy per unit wavefront vary as

1/r=1/(asin A), (1)

2 As we saw in discussing wave reflection and transmission (Section 2.2.4), ampli-
tudes are easier to visualize, but energy is conserved, and hence often more useful for
understanding wave behavior.
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/ \ waves
B

Fig. 3.7-4 Geometric spreading of surface waves for a laterally
homogeneous earth yields a wave front that is a ring whose
circumference varies as a sin A.

where A is the angular distance from the source. Thus the
amplitudes decrease as (2 sin A)""2, with minimum ar A = 90°,
and maxima at 0° and 180°. Actually, not all the energy would
focus at the antipode and source even if the earth had no lateral
variations in velocity, because some defocusing would result
from the earth’s ellipsoidal shape. Lateral heterogeneity, dis-
cussed next, further distorts the wavefront.

For body waves, consider a spherical wavefront moving
away from a deep earthquake. Energy is conserved on the ex-
panding spherical wavefront whose area is 4772, where 7 is the
radius of the wavefront. Thus the energy per unit wave front
decays as 1/r%, and the amplitude decreases as 1/r. In reality,
because body waves travel through an inhomogeneous earth,
their amplitude depends on the focusing and defocusing of rays
by the velocity structure. The effects of the variations in veloc-
ity with depth were shown in Section 3.4 by considering the
density of rays with different incidence angles that arrive at
a given distance. These amplitude variations are viewed as
geometric spreading and described by the second derivative of
the travel time curve (Eqn 3.4.20). Thus, although the phenom-
enon of geometric spreading is intuitive, quantification of its
effects is complicated.

3.7.3 Multipathing

Seismic waves are also focused and defocused by lateral varia-
tons in velocity. Although physically this process is the same
as the effects of vertical variations, it is often distinguished by
the term multipathing. The distinction reflects our view of the
carth as an essentially layered planet with secondary lateral
variations.

As we discussed for tsunamis (Fig. 2.8-9), seismic waves
refract towards low-velocity anomalies and away from high-
velocity anomalies. Figure 3.7-5 illustrates this effect for a plane
wave passing through a refracting layer of variable thickness.
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W

As we have seen, some of the behavior of diffracted waves
can be derived either using a Huygens’ source scattering repres-
entation (Section 2.5.10) or by using ray paths in a medium
with variable velocity, as for the head wave (Section 3.2.1) or
-~ core diffraction (Section 3.5.2). These ray paths were not truly
geometric, in that energy was required to follow paths that
did not obey Snell’s law. The distinction between ray theory
and diffraction depends on wavelength, as discussed in Section
2.5.10, so waves diffracted around the core are depleted in the
higher frequencies.*

1000 —

100 —

Scattering | . . R
Scattering can be viewed in different ways. In some situ-

ations we view the scattering as deterministic, and try to image
distinct scatterers. For example, migration methods in reflec-
tion seismology (Section 3.3.7) seek to undo the effects of scat-
tering and produce a clearer image of the subsurface. In other
situations, we view the medium as containing many scatterers
0.01 L | L L ! and consider their effects on the wave field statistically. This

Eqguivalent homogeneous body

1 10 100 1000 10000 . . .
X approach is taken to the scarttering of PKP waves (Fig. 3.5-8),
2alla .
with a wavelength of about 10 km, by lower mantle hetero-
Fig. 3.7-8 Schematic representation of different approaches to seismic geneities of about that size.
wave propagation in a medium with velocity heterogeneity. The approach Scattering is especially important in the continental crust,
depends on the ratio of the heterogeneity size a to the wavelength A and which has many small layers and reflectors resulting from

the distance L the wave travels through the heterogeneous region. (After
Aki and Richards, 1980. From Quantitative Seismology, © 1980 by
W. H. Freeman and Company, used with permission.)

billions of years of continental evolution. Although these
structures do not significantly affect waves with wavelengths
longer than tens of km, for shorter-wavelength waves they can
act as point scatterers or Huygens’ sources. Hence some of the
scattered energy arrives at a receiver after the initial pulse
that obeyed Fermat's principle and took the shortest path.
This scattered energy causes an arrival to have a coda, a tail of
A related effect to multipathing is the scattering of seismic incoherent energy that decays over a duration of seconds or
waves. Both effects are complicated, and the distinction be-  minutes. The main arrival has a polarity related to the direction
tween them is gradational. As shown in Fig. 3.7-8, whether  of propagation that can be observed on a three-component
the effects of velocity heterogeneity are regarded as scattering ~ seismometer by forming particle motion plots (Fig. 2.7-6). By
depends on the ratio of the heterogeneity size to the wavelength ~ contrast, the scattered energy arrives from various directions

3.7.4 Scattering

and the distance the wave travels through the heterogeneous and thus shows little or no preferred particle motion.

region. When the heterogeneity is large compared to the wave- Figure 3.7-9 demonstrates the scattering for a seismic arrival.
length, we regard the wave as following a distinct ray path that ~ The unscattered wave travels the shortest distance and gives the
is distorted by multipathing. When the velocity heterogene- initial arrival (leff). Scattered energy lost from this arrival that
ities are closer in size to the wavelength, we think of scattered instead arrives later could have been scattered from an infinite

energy rather than distinct ray paths. However, when the = number of locations that would yield the observed travel time.
heterogeneities are much smaller than the wavelength, they  Inaconstant-velocity medium, the locus of these possible scat-
simply change the medium’s overall properties. The further the terers forms an ellipsoid with the source and the receiver as
wave travels in the heterogeneous region, the more useful the  foci (center). Larger ellipsoids define the possible scatterers for
scattering description becomes. Hence for longer distances,  energy that arrives later (right). These ellipsoids are distorted
the wavelength range viewed as scattering increases.’ by velocity heterogeneity and are analogous to the Fresnel
Figure 3.7-8 also illustrates that diffraction can be viewed  volume used when we consider the waves as following distinct
as behavior intermediate between scattering and multipathing. ray paths.
Scattering is especially noticeable on the moon. Figure 3.7-10
contrasts seismic records of an earthquake and the impact of
5 The fact that light ing.in the depends on wavelength and the dis- \ ;
. i N a rocket on the moon. Most of the earthquake’s energy arrives
tance traveled has familiar consequences. Because the shortest wavelengths of visible 2 ) )
light are the most scattered, blue light reaching us from all directions makes the sky il the main P- and S-wave arrivals. By contrast, on the moon
appear blue. The loss of blue light makes the sun appear yellow, although it would ap-
pear white if observed from a spacecraft. At sunset, when the sunlight passes through

a longer path in the atmosphere than at other hours, intermediate wavelengths are ~ * This effect makes it hard to understand what someone is saying when they are
also scattered leaving direct light from the sun enhanced in the longest visible wave-  standing around a corner, because the voice sounds muffled due to the loss of the
lengths (red light) and making the sun appear red. higher frequencies.
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Fig. 3.7-17 Variation in attenuation with lithospheric depth for the
eastern USA (EUS) and Basin and Range (B&R). Lower attenuation occurs
for higher frequencies. (Mitchell, 1995. Rev. Geophys., 33, 441-62,
copyright by the American Geophysical Union.)

Regional variations in crustal O are often studied with Lg
waves, a superposition of higher-mode surface waves that give
prominent arrivals in continental regions. O, , for the USA var-
ies regionally (Fig. 3.7-18), with values as high as 750 in the
stable East and as low as 250 in the tectonically active West.
This regional difference in attenuation, also seen in Figs 3.7-1
and 3.7-17, has implications for seismic hazards (Section 1.2.2).
Similarly, the fact that the USA tested nuclear weapons in the
western USA, which is more attenuative than the areas used by
the Soviet Union, is significant for verifying test ban treaties
(Section 1.2.8).

W—&-ﬂi‘\f\/\f\ﬂv

Summary

Attenuation in the upper mantle varies with depth, with the
lowest O in the asthenosphere from about 80 to 220 km depth
(Fig. 3.7-19). At these depths the temperature approaches, and
perhaps exceeds, the melting temperatures of rock, so a small
percentage of partial melt may exist. This pattern of attenua-
tion is similar to that for seismic velocities, which are lowest
in the asthenosphere. Hence both the elastic velocity and
anelastic attenuation reflect the physical processes causing the
mechanically weak asthenosphere. Beneath the asthenosphere,
Q increases gradually with depth, presumably because tem-
perature increases at a slower rate than pressure.

Q, increases with depth through the lower mantle, reaching
values in excess of 500. There is some indication that attenua-
tion is enhanced in the D” region at the base of the mantle.
Although no attenuation of P waves is detected for the outer
core, there is significant attenuation of PKIKP waves traversing
the inner core, yielding O, estimates in the range of 150-300.

Lateral variations in attenuation are studied using tomo-
graphic methods similar to those used for velocity (Sections
2.8.3, 7.3). Where temperatures vary over short distances,
significant attenuation variations can occur, as shown in Fig.
3.7-3 for a mid-ocean ridge. Similarly, a cross-section through
the back-arc spreading center above the Tonga subduction
zone (Fig. 3.7-20) shows that O, exceeds 10,000 within the
cold and rigid subducting slab, but is less than 75 beneath the
hot back-arc basin. Such attenuation data, especially when
combined with velocity data, are valuable for tectonic studies.

3.8 Composition of the mantle and the core

Seismology yields information about velocities within the
earth. To derive inferences about the composition of the earth,
the seismological data are combined with results from geology,
geodesy, geomagnetism, cosmochemistry, and the physics and

Fig.3.7-18 O, for the USA mapped

from the codas of 1 Hz Lg waves. Oy,
which reflects attenuation within the

crust, shows higher attenuation in the
tectonically active western USA and lower
attenuation in the tectonically inactive east.
(Mitchell et al., 1997.)
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