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Anctastic Structure and  FEvalution of the Contunental Crust

and Upper Mantle om Scismic Surface Wave  Attenuation

Brian §. Mitchell

Abstracl

Regional variations of the shear-wave  quality  facior (Qu) in both the
upper crust and upper mantfe of continental regions are large, with values in
old stable cratons cxcecding those in lectonically active regions o both depth
ranges by as much as oan order of magaitude or  more, The  frequency
dependence  of U inthe upper crust also shows large repional variations,
being low in tectonically active regions and relatively high n stable regions
Because of the lwrge variations in Qu trom region 1o fegion, 1 is casy 1o map
regional variations of  hoth upper crustal Qyoand g coda Q. even though bhath
measurements may he muarked  hy large uncentaintics Both upper crustal Uy
and Lg coda O values correlate with the tme which has elapsed since the most
recent  lectoasc activily  ia cootinenlal egions. A tomographic image of the
variation of lp coda O values across Africa clearly shows reduced Q values
which correspond 1o recent rectone AWnVity o the Bast African system and
other regions of Mesosoic or younger ape Reductions of 1p coda Q can aiso be
detected which  cornrelate wilh tectonic acoivity  that occurred  in the early
Paleozoic during the coalescence of the cratons which Tormed that conlinent.

Lg coda Q values have been mapped for aimost all of Furasia |ow 0 values
span from southern Furope 1o regions of southeast Asia where recent Ltectonic
activity has taken place. The Righest values oecur in (he ¢ast  European

platform which has heen relatively  stable  since  (he Precambrian, The

Siberian platform is characierized by lower values which may be related 1o
tectonic activity which occurred in the Mesozoic era.

Qu  values increasc rapidly at  mid-crostal depths, in a range which
appears 1o coincide with the (ransition to the plastic lower crusl. Al lower
crustal and upper mantle depths. Qp  values decrease with increasing  depth,
possibly by  progressive unpinning of dislocations with increasing
lelaperature at those depths.  Observed regional variations in upper mantle Qu
values al depths of about 150 km can be cxplained by differences in
tempcrature  affecting @ sngle atmomic  attenuatin mechanism. but those  at
shallower  depths  cannot.

Regional vanations of Qu in the upper crust are most casily cxplained by
differences in the density of fluid-fitled fractures in the wpper crust which
allow movements of fuids dering propagation of seismic waves.  Studies of the
regional  variation of Qu and Lg coda Q values indicate thal crack denstly is
greatest during and  immediately following tectonic activily in a region and
that i1 decreases with  gime following thal activity. Permeability
determinations in deep wells show that the fluid movement which reduce Qu
values are restricted (o major fracture zomes. a situation which will produce
widely differing values of Q in local studies, depending on the localoin of the
study relative (o the fractures. The Muid volume in those cracks decreases
with time  hy rerrograde metamorphism or  loss o the surface, causing a

reduction in the number of apen cracks and a concomitant increase in Qp.

Introduction
Seismic waves in the Facth ar¢ known 10 aflcnuate with distance of travel
at rates greater than those predicted by geometrical spreading  of (he wave

fronts, That  excess  atienuation might be  caused by either intrissic



anelasticity of rock through  which (he waves travel or by mhomogencities
which refract, reflect, or scatter seismic energy.  The diminution jn seismic
wave amplitudes produced by those faclors must be 1aken into account when
delermining magnitudes of carthquakes or yields of cxplosions.  This practical
need spawned much of (he research on seismic wave aticauation for the past
four decades.  Another rationale for sludying seismic wave altenuation is the
need to determine the dispersion  produced by anelasticity. Atienuative
dispersion is required 1o satisfy causaliry [Lomnitz, 1957; Futterman. 1962:
Strick, 1967] and must be accounted for in order o reconcile velocity models of
the Earth obtained from body-wave travel-limes at high frequencies  with
those  oblained from long-period  surface wave  or  free oscillation
measarements  [Jeffrevs, 1967: Liu e al., 1976].

The loss of ¢lasiic encrgy  which a seismic wave expericaces when g
lraverses  an  imperfectiy  elastic material s commonly  deseribed hy the

inverse of the Qualily factor, or interpal frictiion, Q-1 whien can be defined as

i _ AE
2rE

(i)

where AE is the amount of energy lost per cycle and Fivax iv the maximum
amoun: of elastic encrpy contained in a cycle. O'Connell and Budianskv 1197%)
recommended  that averape  siored energy, rather than  maximum vnergy  he
used in this definition, n which casc the imleper 2 in (he denoninator gs
replaced by 4. The latter definition has the advantage that @ can he writien as
the ratio of the real w the tmagmary part of a complex clastic modulus,
Previous reviews of seismic Q an this journal have emphasized  labocatory
results, mechanisms, or radially  symmeiric G models of (e whole  Eantl
[Knopoff, 1963: Gordon and Nelson. 1966. Jackson and Anderson, 1970,

Kanamori and Anderson, 1977 Karato and Spercler. 1990} The present review

will discuss 1he regional variation of shear wave U (Qu) throughout the crust
and wupper mantle of the FEarth as inferred from the attenuation of scismic
surfacc  waves, including both  fundamental-mode  waves and  higher modes.
Fundamental-mode swudies at periods between aboul S and 100 s (0.01-0.2 Hz)

will provide average attenuation wvalues over hroad regions and  allow us to

determine Qu as a lunction of depth in the crust and upper mrantle.  Higher-

mode  studies will mainly be restricted 1o frequencics near | Hr  and  will

concentrate on (hat superposition of  higher modes  which comprises the Lg
phasc and its coda.  Information on Lg coda will allow us o place constraints
on the frequency dependence of Qu and w stady ity regional variations in
much greater detail than s passible with tundamental-mode  daiy he higher-
mode data, because it cheampasses a o higher frequency range than does  the
funrdamental anode, however, leads 1o the additional  possibility  of  scattering
effects obscuring those of intrinsic attenuation The cffects of scattering must
cither he taken into accounl or musi be shown to be much less important (han
intrinsic (¢ fn o the rypes of study  to be discussed. Il we can isolate that
component of atlenaation which s preduced by imtrinsic anclastcily we  can
study properties  such s temperature,  state, fluid  content ol permeable rock,
and  movement of  selid stale detecrs, factors which  are closely tied 1w the
tectonic history  of the crust and upper mantle, and  which are ant easily
amenable 10 investigation using  seismic velocites

If we were (o study inlrinsic seismic  wave  aticnuation on  the moaon,
rather than on the Farth, (here would clearly be a problem with scaltering
because that cffect is so large there. Lunar seismogranms exhibit very long and
prominenl codas {(Figure 1) whicl; dominate the recordings Duawry et al
FI981) showed thar the funar cods s best explained by intense scattering in a

near-surface  iayer which s charactecized by tow  intrinsic absorption.



A

Absorption is cinail becguse there e no volaniles presept in o the moon, al leas
in  those near surlace regrons A\ Tutman o1 af | 197461, On the other hand.
geological evidence {(Caihiey, VWY Torgersen, 1990] apg Iformation from deep
drill holes [Morrow  and Ayverlee, 1992, Durham and  Ronner, 19493) indicate that
the wpper crust of the i) contains  abundant intersitial fluids  which can
migrate through cracks in igncous rock. Eairinsic absorption  caused by thai
mevement  can  drasticatly  reduce seismic  wave amphitudes  [€Q'Connedi  angd
Budiansky. 1977 Winkler und Nur, 1979, an cffect which will be especially
severe for scattered  waves  which rave! long  distances  as they  bounce  back
and forth between  scatterers, The smaller mporlance of  scattered phascs on
tereestrial,  as compared 1o lunar SCISmagrams. s appacent  from  the
seismogram comparison of Figure 1. The record from station CCM, in a high-Q
region of the central United States, cxhibits sharp onsets which are sugpestive
of direct wave arnivals, rather than scattering, and any sigmificant coda is of
bricf duration. whereas e lumar coda is w1l prominent oac hour  afier (he
onsel of the wave motion

This aad othes vbscrvations  of  seismic wave alenuztion, discussed in oa
later section, lead us 10 interpret our results in terms of intrinsic ) in the
Earth over 1he frequency range fiom about 0.0 to 1.0 Ha It would be
incorrect,  however, 1o decept ail atenuation observations  as providing
information oa inthipsice Qs the Farth, [« is weli known tha medsurements  of
seismic wave amplitudes  are seseeptible to numerous types  of  crror, both
random and systematic in o nature Those crrors can be large and, il not
recognized, can lead (o models  of mirinsic  of the Farh with  spurious
features that  could crroneous!y  be taken  us peal For ahat reason, he
following sectivny will discuss various  methods  of leasuring  surface wave

altenuation and possible seurces of error for cach of them.

Althaugh  the possibility  for ereor in amplitude  measorements s larpe,
there  are also very large regional  variations  in intrinsic  attenuation
throughout the continental crust and upper  mantic. The span of  values
reported in - numcrous  studies  exceeds two  orders of  magnitude. For that
feason, cven though there may be large uncertaimties in Q models derived
from surface-wave attenuation dats, we may still be ablc 10 obiain  much
information  which pertains to regional variations of ) and its relation to
crustal and upper mantle structure and evalution.

Figure 2 dramaticaliy illustrates the large  differences which  regional
variations i of § can have on seismograms recorded along high-() and low-Q
paths in coatinental regions of the Farth. The twe broad-band RIS siations
both recorded  wave motion  produced by a magnitude 4.6 carthquake which
occurred insoutheastern New Mexico,  The epicentral distance to CCM, along a
rredominenty  high-Q path. is 1256 km and that 1o PAS, along a predominently
low-Q paith is 1417 k. [t the anclastrc propertics along the path 1o PAS were
the same as thase 10 CCM we would expect the amplitudes recorded at PAS 1o be
ahout B0-90% ag large as those recorded at COM. The zuenuation is so much
Lrcater aiong the path o PAS. however, that neither the P owave (arriving just
before 3 minutes ag COCM)Y nor the § wave (arriving at about 5 minutes at CCM)
can be ohserved at PAS. The maximum amplitude of g the largest phase on
both: tecords, is reduced by a factor of about 7 at PAS telative to that at CCM.
Moreover, the  predominant frequencies  for  signals  recorded  al PAS  arc
significantly lower than those recorded st CCM. These observations indicale
that atlenuation along (he path through the wesiern United States 1o PAS is
much  greater than  (hag along the paih through 4he central United  States o
CUM. Similar  observations have been  reporied  for fundamental-mode

Rayleigh waves gencrated by 1wo nuclear explosions in Colorado (Mitchell.



1975). Earlier cvidence for differences in attenuative properties  between the
castern and western  Unjued States came (rom studies of the relative fall-offs of

Pg and Lg energics in the Basin and Range province and the central United

States (Suzton e; ut, 1967},

Fundamental-mode Atlenuation Ceefficients
The decay of surface wave amplitudes, in cxeesy of that produced by
geometrical spreading,  can he  described by ¢ Y% where Y is termed  the
altenuation coefficient. it ig rclated (o the quality factor, Q, by the expression
YR, L=nl/UR 1 QRr.|. where f is frequency, U is group velocity, and the subscripls
R and I. refer respectively 1o Rayleigh or Love waves,

Inversions of surfaee wave aticnuation values lead 1o models of intripsic
shear-wave () (Qu) or s inverse, internal friction (in), and usuvally assume
that the medium of travel can be described by a laterally homogercous laycred
slructure I that were true for e redl Earth, measurcments of Y would  yicld
valucs  which are oy coataminated by effecis  such as tateral  refraction.
multipathing, or l'm:usingfdcl'ncusing which  are  prodyced by  lateral
complexities in crustal or upper mandic  structore, Expericnce  has shown,
huwever, that determinations  of surface-wave  aitenuation coctlicients  contain
large uncertaintics produced by those effecrs, For thar reason, atlcnuation
measurements require  great  care and  careful  selection  of sources,  station
locations, and paths,

One way 1o minimize the elfect of lateral struciural VATIALONS i3 to use
paths which are us shor| g possible.  Unfortenaicly, however, surface waves
atenuie very  slowly, especially in high-) reglons,  Since amplitude  decay s
small for short distances nf travel iU is difficult (1 ohip precise and  reliable

measurements  of  the  attenuation coefficients  for  thoge paths To  ubtain

precise measurcments of  attenuation it iy preferable (o wse long  paths, but
with long paths we increase the chance of introducing  systematic errors  ino
Our - measurcments.

The best method 10 wse for a particular region will depend on several
factors, inctuding the availability of two-station paths, suitably located souwrces
and, in the case of single-station measurements, the availability of sources
with known focal mechanisms., Becanse we cannont always count on  the
beevrrence  of  earthguakes in places  whick  would be  suitable  for the
application of 3 particular method, several methods  for determining  serface
wave attenuation  cocfficients have  heen developed,  some being suitable  for
some  situations and some Tor others These will be briefiy described in the
Tollowing raragraphs.

The Two-starion Method

The groundwork for modern surface-wave  atenuation rescaich  was laid
by Satéd [1958] when he applicd  Fourier analysis 10 the study of surface wave
amplitude decay and ) dererminations Solomon [1972] applicd  Fourier analysis
1o the decaygol surface wave amplitedes  between two  stations i a study of
upper mantle Q and Tvai oand Ak [196Y] applicd &t in study of crustal Q in
western North America. U has lormed the basis ol several subsequent studies
in bath continental and occanic regions [Canas  and  Michell, 1978 hwang  und

Mitchell, 1986, Al-Khatih and Miachefl, 1991 The method uses (he ¢quation

Yoy = MALOD AW A T sing, ) )

F:mh

where Ay are ohserved spectral amplitudes an stations 1 oand 2 at distances )2
ki), and AL 2 un radiansy from the source. and I anpular trequency.
An ideal sitwation in which 1o apply the method would he one i owhich the two

stations are separated by & relatively large distance. acress which elastic and



the great circle path which passcs through the stations In addition, the path
Station - should, ideally, also be free of
surface waves
or produce focusing or defocusing al
laterally  between

it then becomes fikely that the waves recorded ar

large amplitede differences at the 1wo
anelastic propertics of e crust or upper mante glong the path belween the

vitect as illustrared schematically

the source from a portion of

can be perforined i othe time domatn (Vidale, 1986 Mitchetl v1 ol 1993], in the

frequency-lime

domain [Levshin o1 ul.,

knowledge of 1he

produced by non great-cirele should  produce
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along that path vary wilh position. I two  suitably located stations  are
available and if non-great-circle propagation can be avoided, it is  thercfore
the method of choice.
Single Source - Many Staiion Methods

Tsai and Aki [1969] developed a methed for simultaneously determining
source  spectral  amplitudes and  average surface wave altenuation cocflicient
values for a broad region surrounding an  earthquake. It uses  spectral
amplitudes of surface waves recorded at  several azimuths and distances from
an  carthquake with a known faull-plane  solution. Tsai and Aki equalized

ohscrved  speciral amplitudes 10 a selecied reference  distance I using

A, :A,(R'S::i)%t‘xp %) (3)

where Apand Apg are spectral amplitudes at the epicentral distance 1 and the
reference  distance r(. respectively, Re is the radius of the Earth, QQ is 1he
quality factor for Rayleigh or Love waves. and U is (le corresponding  group
velocity taken  directly from the scismograms used.  Taking the loparithm of
hoth sides leads o0 an expression which can solved by lincar least-squares (o
oblain attenuation coefficient values over the region of interest, as well as the
seismic momenl of the cvent.

An advanlage of the method is that it yiclds values for the standard errors
of the unkaown parameters in a straightforward way. A disadvantage is that it
can lead to systematic errors in the determination of surface wave altenuation
coelficients if it is used in a region in which anclastic properties  vary
laterally  [Yacoub and Mitchell, 1977} This is illustrated schematically in
Figure 4 for g4 hypothetical case in which an carthquake occurs near a
boundary which scparates  [wo regions with differing values of shear wave Q

[Qu_). The slope of the amplitude-distance curve would lead 1o an auenuation



coefficient  value which is Jower tand could be negative) (han  that which
would be produced il cither of the Qu values in the model were  uniform
throughout the ecantirc model.

A variation of the Tsai and Aki [1969) method whick can be used when a
source mechanism is not available was developed by Mitchell [1975].  Following
Tokséz and Kehrer (1972}, ne cxpressed the radiation pattern of an carthquake
source as a supcrposition of a circular pattern {from an explosion source) and
the pattern  produced by a wertical fault with pure  strike-slip motion, I

requires a4 non-lincar least-squares  solution of the CXPression

W{w) =W (@)l + Flansin 2[{9~8,,((0)}]cxpi~y(m)r} (4
where the unknowns are  the  surface-wave atfenuation  coefficient, ¥. the
apparent source spectral  value given by We, the apparcnt strike of the fault,
Bg.and a factor, I, which cxpresses the relative effect of faull motion (o that of
the explosion.  Sutions are located at various distances, r, and azimuths, 0, from

the source.  Variations in the value of 1Y can prodoce a wide varicty of radiation

patterns  which mimic  those for real  faults. fncreasing  values produce
radiation patterns  which  can progress  from  being  circutar (when  Fs0) o
being oblong, 1wo-lobed. and feur-lobed. o most inversions, values  ohtained

for ¥, Bg. and W, have no physical meaning and only the value for  the
attenvation  cocdficieni Urdy 05 realisue

The method of Mitchelt I1973), tike that of Tygi and AL 1969]. is maost
useful in regions  which are relatively laterally  uniform  in thear anelastic
properties.  Application of either method i regions of laterally varying  Qu
can  produce  attenuation  coeificient values  which  are systcmabically  hiased
¢ither 100 high or oo low, depending the station conliguration  wih respect 1o
the Q@ diswibution and the source It is possible 10 reduce hiese hiases by using

a regionalized approach o the inversion [Yucouh and Mitehell, 1977 Patron
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and Tavior. 1984), but there must be seme a4 priord knowledge of the manner in
which the ¢ values vary laterally,
Singie Source - Single Station Methods

One goal of regional atieeuation  studies is 1o characterize the anclastic
properties of single tectonic provinces.  This is ofter not possible using either
the two-station method or single source - many station methods.  Two stations
may et be available which Jie along great-circle paths to a useful carthquake,
or the source-station configuration may he adequate, but paths  hetween  the
source and  station pair may be long  and  iraverse complex stucture which
produces lateral refraction  and/or focusing ol surface waves Stngle source -
many  station  mcthods  age only useful in sitwations  where  several slations
surrsund u source and alt lie within a simgle province, or if it is possible to
subdivide the region of stdy hefore determining  atienuation  coefficients.
Single-source single-station mcethods  avoid e necessity of having  (wo
slabons  which lic along & single grear-circle path ahrough the source  and
have the grcar advantage that it is  afien possible 1o find  carthquake  or
cxplosion sources which lie within the same weclonic province as that for the
station. - and therefore may  provide g relatively umiform path ot travel for
surface  waves

With single-source single-station  methods, however, we must cither know
the  source depth and focal mechanism for cach canthquake used, or must be
able to delermine (hose parameters from  the data  availahble, At least two
approaches have been used in his class ol methods, Cheng and Michell 11981
used  comhined determinarions  of higher-mede  amplicude spectra and
fundamental- mode spectra alomg with o torward modeling  approach (0 oblain
Q models of the UPPET crust o Clhan of al [1YWY] and Seber nd Muciaell 11992

used spectral shapes of (e fundamental maode in thewr studies b, hy doing so,



had o use cvengy which  were smgl) ciudgh so that (he Surce  time  funclion
did nol adversely  affect their resufes
Qbserved Fundamenial-mode Attenuation Coefficient Vilues

Surface  wave  atlenvation coefficients  have now been  determined  for
several continenial regions. Frigure 5§ presents many of  those determinations
for Rayleigh waves  which have  propagated  across stable  portions  of
continents. The resuits of several studies, which inciude some paths  across
stable regions, have heen excluded from thar plol because they span more than
a single tectonic provinee  [Tsai and Aki, 1969: Seloman, 1992, Yacoub and
Mitchell, 1977, I addition, the plo! includes only those values for which the
standard deviations are less than 0.2 x q0-3, Several values from studies ol
Chen [1985] and Hwang and Mitchell 119860} were not plotted for (hat eason,
The plot indicates thal periods between abour 20 soand 60 5. the auenuation
coefficient determinations  fal within 2 narrow range of values centered  at
aboul 0.15 x 10°7 ! At Junger periods e values appear to decrease
stightly, although the standard deviations Tor those points would  allow higher
values which are comparabie 1o those ubtained in the 20.60 s operiod range. Aq
periods less than about 15 5 (he altenuation  cocfficient values increase  with
decreasing period and reach valyes of ahout 0.5 x (-3 ! a periods of 5.7 5

Figure o presenis resuls frem  several studies i tectonically  active
regions.  As in lipure S, most of the data points hayve standard deviations of (2
103 or dess Twa cxeeptions have, however. heen made in the short-periog
portions of the plat {Faten und Tavior, 1984, [in. I989] where, hecause ol the
shorter  wavelengths ar those penods  and  the laterally compiex  structure  in
active regions. those waves are more Lkely o he adversely  affected by latcral
changes in siructure For those two cases, where the  atenuation coeflicient

values and their standard deviations  are  haoth larger than those at longer
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periods, data have been included with siandard devigtions as larpe ws 03 x 10-3
Al periods in (he 20-100 fange the mear allcnuation coefficient value slays
relatively  constant  at about 025 x 10°3 km- |, Al shorter periods the
allenuation increases sharply with decreasing  period and reaches values as
great as 3.0 x 10-3 km-1 4 pertods near 5 5. Three sets of values stand oul as
deviating systematically from the mean values on the plol.  Those arce valucs
from the wesiern margin of the United States lAl-Khatib and Miichell, 1991,
from a path across a broad porlion of the western United States [Sotomaon,
19721, and from a study which included a broad portion of the Basin and Range
provinee of the western United  States  and adjacent regions {Patton and Taylor,
1984]. The low values al periods in the 20-30 s period range in the study of
Solomon  11972) may bhe due (o focusing because (he paths used arc long and
CrOss many major structural fealures at oblique angles.  The high values of
Patton ang Taylor [1984) ar 15.40 periods in the Dasin ang Range province
may occur because of the application of a single event-many  station method in
a4 region wlere s Pt o vary laterally  (see e previous  section).
Alternately, (here may be regions of low Q 0 the part of the  Basin and Range
studied by Patton and Taylor which are not present along  paths  used by
Solomon 118721, Chen [1985], or Lin [T989].  The values for (e western margin
of the Unired States [Al-Khatits and  Mitchell, 1991 may reflect real low-Q)
material in the upper mantle, but the puss bility  (hat defocusing  of energy
vccurred at the sccond of the two stations cannol be ruled oul

Figure 7 summatjzes the resulis of Figures S and ¢ hy prouping the dara
into that which corresponds 1o stable regions and thar whicly corresponds (o
tectonically  active regions.  The two dala sels are also compared to a ser of
oceanic  fundamental-mode altenuation  coefficicng values  obtained  over the

period range 20-100 s for three age regions of the Pacific [Canus agund Mitchell,
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1978].  The highest Pacific values carrespond 10 that part of the Pacific which
formed between O ang S0 M.y, ago. the intermediate  values correspond o
lithosphere which is berween 50 and 100 M.y. in 4g¢, and the lowest values
correspond (o those portions of (he Pacific lithosphere which formed more
that 100 M.y, ago. Tectonically active regions arc characierized by higher
auenuation coefficient values than arc regions which arc  stable. Attenuation
cocflicients for periods greater than about 45 s for stable regions lie within
the erfor bounds for the span of values for the (hree oceanic regions. AL
periods  between 25 and 45 the  lowest  altenuation coclficicnts  which  ape
observed are those for the age region of the Pacific > 100 s, but there s uverfap
in the error bars for e data {from the (wo types of region,

At pertods shorter than about 20 s the values ohtained in stable regions
and those obtaincd in teclonically active regions diverge: those in tectonically
active regions  show a sharper  increase  with decreasing  perioed, achieving
values  which are over (hree times  higher than  (hose i stable regions at
periods near 5 s That increase s evident both in the vatues obtained by [
[1989] for orc path within (he Basin and Range province and by Parton  gnd

Taylor [1984] fur a broader region of that province.

f.g Coda Q@

The preceding  section described  difficulties i the  measurement o
surface wave atlemyation for the fundamental mode.  Those Medsurements  are
usually made at irequencies fess than 0.2 Hs and since the factors which give
risc {0 crrors in  those measurements  are dominantly systematic in nature,
their  effects  can  somelimes be reduced by carefyl selection of  soyrees,
stations, and  procedures wsed, The Iughcrl'ruqucnuy waves  which  comprise

Lg and its coda can  he adversely  affecied,  like  (he lower-frequency
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fundamental mode, by sysicmatic cerors, but also can be affected by random

perlurbations  from  an  assumed laterally  homogencous layered  structure [Xie

and Michell, 1990b).  The syslematic deviations from a laterally homogencous
layered structure may occur as a random, but laterally varying  statistical
distribution, or may be coheremt over a sub-region of nterest (Cara et oal.,

1981]). Stationary random perturbations can be treated  as oa statistical
distribution  which s laterally  sigtionary |Akt  wnd  Richards, 1980]  Such a
distribution may be used o characlerize random lateral variations i velocily
and layer thickness [Kenrnerr, 989 as well as other scalicrers Svslemalic
deviations include tarpe-scale disruptions of crustal  wave guides and  near-
receiver site effects, as well as olher conditions. all of which can also affect
lower-frequency  fundamenial-mde waves, Ancxample of such a deviation
wan documented by Xie and Mitchel! [B990h] in the westers United  Siates
where  coda ©Q determinations using  coda lor  which seatterig ellipses
oveelapped  a significant partion o oceanic crust were systemancally Jdifferen
from  those where swatterag - cllipses were largely  confined (0 continental
vIust,

Methods used 1o determine Lg coda @ include speciral aniplitude decay  of
band-pass  filtered  records [Ahe wnd Chower, 1975, 1he chunge ot predominant
frequency with time i the coda [Herrmann. 19%0)), and stackimg ol spectral
amplitudes  observed Tor several time windows along e coda [N and Nuitli,
198%]. The last of these  hus permitted coda Q) determinations which  have
sulfecient stability  and  precision (o permit  the  application of  coda Q
omography  where evenl and slation coverage is suflicient
Le Coda (@ Tomograpin

Ly coda tmography penmis sudy ol regonal anelastivity vatations on

vontnental  scales It can be applice if sutlicient number o carthyuukes
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and recording  stwlions wre well-disibuted  across the region of anterest. We
divide that tegion into a number of rectangular  grids and  parameterize  the
unknown lalcral variglion  of L coda Q by assuming it to have a constant
value, Q. inside the mth grid.  We take Qun o he the Q value obtained using the
stacked speciral rato method and  assume thae it represents the  areal average
of Lg coda O in the eltiptical arca samipled by coda waves at the maximum lapse
time al which the measurement is made.  If we denote the area of the portion

of the nth ellipse which overlaps the mith grid by spin. we obtain

1 I Son
o Z—“—a ‘, n=l2.N i5)
O, 5,40

wher

o

S - z ¥
. ,.

and £p is the residudd which results from the errors i modeling g coda and
in the meusurement of by coda Numcrical considerations in applying this
equation are discussed by Xie and Mirchel! [19901a]. Because  the  results of
coda Q tomography are presented  as maps which show the variation of L.g coda
Q and its frequency variation over large portiens of continenrs, it well-suited
for studying the rektionship of 1y ceda Q 1o the evolution of continents, It
was first applicd 1o Arica {Xee and Mochell, 19904] and has since been applicd
to Eurasia [Pun e al, 1992 A sununary of both sets of results is presenled  later
in this section The African summary includes a new interpretation in terms
of the tectonic cvolution of (hal continen
Is Lg Code (w0 Meusure of Intrinsic Ahsvrption or Seattering ?

Shear waves recorded locally and 1g waves recorded  al regional distances
exhibit a coda which caonor  he explained by deterministic modeling  with

plane laycred structures [Aki and Chouet, 19751 A curious aspect of Lg coda is
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thal, ¢ven though it consisis of scattered waves, measured values of Q;,g arc nol
necessarily  fow in o regions (5uch‘ as  thosc  with much topographic reliel)
where severe scatlering might be expected 1o occur.  For instance, amap of Lg
coda Q derived for the United States (Singh and Herrmann, 1983] exhibits
values of about 600 in the Rocky Mountains where relief is high and only 150-
300 in the Basin and Range where relief is much smaller. Similarly, Lg coda Q
values in (he Appalachian Mountaips are higher than those obtained for the
Atlantic coastal plain.  These lypes ol qualitative observations led Mirchet!
[198G] w0 infer that 1.g coda Q values were determined by intrinsic Qu in the
crust and w conclude that it would be valid to combine obscrvations of Lg coda
Q with aucnuation cocfficient data w infer frequency-dependent Qu models for
the continental  crust Taere are other ftypes of observational cvidence which
also support that infercnce. Fitst, the rapid fall-off of coda amplitudes of
waves taveling in the Farth relative to those traveling in the moon (Figure 1)
15 due o oa higher irtrinsic () and greater degree of scattering in the moon
than in the Farcth [Painty and Toksoz, 19811 I is well known thal mirinsic Q is
high in lunar material because the volatile content is very low there [Tiftman.
et al. 1976).  The presence of volatiles in crustal rock in the Farth, on the other
hand. will drasucally reduce intinsic Q values [O'Connell and Budiansky, 1977,
Tiitmann, 1977]. Second, as discussed in the following  seclion, patterns  of
regional g coda Q variatton are the same as those of Qy in the upper crust
inferred  from  studies of fundamemal-mode  surface wave atienuation. Third,
measurements of attenuative body-wave dispersion in the Pyrences [Correig
and  Miwchell, 1989] were found 1o be consistent with those which would be
predicted by a Q model inferred from the decay of spectral emplitudes.  That
consistency  would not uceur if the crust in that region were characterized by

high intrinsic (@ wvalues and high scattering.  Fourth, the equality of (¢ and its
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frequency depeadence  for l.g waves and L.g <oda in the Basin and Range
province [Xie angd Mitchell, 1990h) Suggests that intrinsic allenuation is high
and is the preduminang mechanism affecting both Iypes of wave,

Recenm  computational |Frankel and Wennerberg, 1987. Hashiba, 199¢:
Mayeda e1 ai., 1992 and theorctical [Zeng, 199]: Zeng et gl., 1991 studies also
indicate that inirinsic altenvation  far vutweighs  scaltering  autenuation in
contributing o he ducay of coda waves, Wennerberg [1993) summarized  the
resuits of much recent work and concluded that if the scattering model of Zeng
19911 is  correct, chanpes  in intrinsic aucnvation are 5 oty 1§ Hmes  as
significant for delermining  coda aticnuation than are Comparable changes in
scatlering  aticnuation. Contrary intcrpretations  have been  presented,  baseq
on the agreement of competed frequency dependence  for saatering models
with that observed 1 Dainev, 1981 Wu, 1982, Dainey, 1984, Intrinsic ¢} models of
the crust are, however, also characterized by bcing frequency dependent and
can also explain tha: agreement,

Observed Lg Codu {0 Values

Numerous single-patl determinations  of values for g cody Q and iy
frequency dependence  have been made  in continental  regions, mostly  al
Irequencies of abour | Heoo Measurements ()Lg usually assume ihar (hose values
can be represented gy ()[,B:Q”f“ where Qs the value of Ql_g at 1 Hr and
indicates s frequency  dependence, Lg coda Q s stmilarly  cepresented.
Regions which have been stable for a long time are usually characterized by
relatively high values o lg coda @ (BOO-L204)  and refatively low  values of
frequency dependeace W.0-03) at frequencies of 1 Hzo These ranges of values
eccur in the portion of North  America eas ol the Rocky Maounigins [Nueefr,
1973: Siagh  und Herrmuann, 1983, in the stable cratons of South  America

[Ravaf and Nuuli, TO85), and in the Indian Shicld [John, BE3 1 ower Ly coda
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values (1500 - 400) and figher  vatues  of frequency dependence (0.3 - 1.0y
characierize tectonically  active regions,  such  as  western North America
[Sutron, et al., 1967; Stngh and  Herrmunn, 1983, Chave: and Priestley, 1986;
Nuttli, 1986; Xie and Mitehell, 1990b], western South America (Raoof and Nuttli,
1985, and the Himalaya [John. L9831 This is also true for Q measurcmenrs of
the direct g phase hecause Lg Q and Lg coda § are usually found to be nearly
the same whenever they arc bwh  determined in the same regions  [Nutfid,
1988].  Q wvalues for body waves moasured at telatively short distances are also
high in the stable craton of castern North Anicrica [Al-Nhukri o1t af., 1988} anrd
can be low in tectonically active regions such as Calitornza (Lt ef al, 1994)],
China [Jin and Aki, 19K8], and 1he Pyrenees Mountains {Correig ot ai, 1990,
The wmographic method, described  carlier, allows us 1o determine  Tateral
vartations of Lg coda ) over broad regioms.  Figure 8 displays a tomographic
image of l.p coda } for Africa which s slightly modificd from thar of Xie and
Mitchell 1199041 The most conspicuous feature ol the map s the hand of low Q
values  which ies along the EFast African  Rift Zone. a acpion known o
currently  be  tectonically  acrive, Because  the resolving  power  of  these
measurements is limited 10 he between abaut KOO and 2000 kn, depending on
data coverage [ Xie and Miuchelt, 1990a), ir 1y possible that the low ) values in
the crust which produce that hand  are really restricted to o much narrower
region,  characterized by lower vaiwes, than that shewn oo 1he map, Other
regiors of low Q values are the Cape Fold Beli, ar ihe soathern tip of  Africa,
which is past of an oregenic belt of lare Palcosoic - carly Mesosoic age, (he
region of the Adas Mountaing in Muorocee which are ol Alpine ape. and the
Cameroon line which proceeds nottheasiward  from  (he bend i the western

coast and s the sie of reeent volcanic Qv | Cuhien er g 1984].
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Almost all ot the rest of Africa has been stable  sinee the Pan African
orogeny which caded abour §50 My apo [Cliffard. 1970) Wimin Affica there
are ihree regions where Ly ecoda ) s higher dhan in the rest of the conlinent,
being 800 or more.  These are (he West African Craton in weslern Africa, the
center of rthe Fast Sahara Craton in northeastern Africa, and  (he northern
portion of the Kalahan craton in sowthern Africa.  These three cratons, along
with the Congo craron, Just o the west of the soulhern part of the Fast African
rift system, coalesced o form the Aftican continent in a vas lectono-thermal
event which ceased abour 550 My age 1Clifford, 19701 O values obtained tor the
Congo craton are [ower, being about 600 These lower values may be real and
may occur becsuse of the craton's proximity o the East African Ritt System

and/or to Palcosoic tofding  which  ocenned in rhe Conga fold  bele near  the

castern edge ol the cron bois also possible that the ltmited resoletion of (e
regionalization  method  prevents gs from deliveating a small region of higher
Q values which mav e there.

Figure % plois the Irequency  dependence expunents (L) of tg coda ) al a

frequency of 1 i, The  values in western  Africa have recently  been
redetermined and (hose i the northwestern part of  tha contineat  differ from
those obrained by N amd Miched! 990a] The reason tor the redetermination
is ihat instrumenis o thar regon are part of  the Ivory Coast network  and

differ in their responses from  the WWSESN insuuments  used throughout  he
rest of Africa 1or coda determinations.  The redetermination leads o new
values of frequency depeadence which previde 4 better [t 1o (he slopes ol 1he
stacked spectral ratios in o thay region, Nate that  low frequency  dependence
values correlare wirh hiph values of 0

With the cxeeption wf (he LConge craton, g cody Q values within the major

cratons of Africa are higher than values associated with the fold belts between

2=
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them.  This suggests that the variations of g coda Q wvalues in the slable

partions o Africa reflect  lectonic aclivity associated with 1he coalescence of
those cratons and the formation of the African continent and that l.g coda
studies can be wsed 1o study the episodes in the Lectonic cvolution of continenls
at least as carty as the carly IPalenzoic cra.

Althvugh, as indicated above, Lg coda Q values, as well as Lg @ values are
usualty high in siable cralons, there arc at least three cxceplinns  to that rude,
They are the Arabian peninsula where l.g coda ) values range hetween 157
and 300 [Ghalih, 19921 ceniral Australia where lg wvalues are aboul 230
|Bowman  and Kennen, 1991], and the Siberian craton where () values range
between aboot 400 and 600, |.ow @ values for the Arabian peninsula have also
beer inferred from (he specira of fundamental-mode Rayleigh waves [Seber
and - Mitchell, 1992]. Those low values correlate with recent tectonie  activity
which is known to have occwreed in the region  [Chacot and Bertrand, 1993
The fow ) wvalues in the Siberian craton occur inoa region which underwent
extensive extession and  voleanism during the Mesozoic cra and these in the
central portion of the Australjan shield have heen auributed w0 a large
positive  velocity gradient in the lower crusi of that region (Bowman  and
Keanert, 1991) which reduces Lg Q by increasing the effeer of geometrical
spreading. There is. however, geolopical evidence for teclonic aclivity there
during the Devonian and Carboniferous cras {Plumb, 1979, so it is possible that
reduction of Q values in the upper crust and enhanced geomerrical spreading
both contribule 0 reductions in Q in that region.

Our Lp coda map ol Furasia {Figurc 10) shows iow values which stretch
from southern Euzope 10 southeast Asia through regions of current or recent
tectonic  activity, High valees (-700) occur through a broad region from

Scandinavia t the Urals which roughly corresponds 10 the FEast Eruopcan
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craton.  In contrast, the Siberian craton which we mipht expect wooalso have
high valucs has fow values (~400 throughout much of its extent. The lowest
values within 1hat craton correspond in position with a zone of extensive
tectonism  which occurred during the Mesozoic cra. Frequency dependence

values (Figure 11) shaow no consistent relation (o coda Q..

Inversion  of tundantcnial-mode Altenuation dala

The methodology for Inverling  surface-wave  attenuation for anclastic
properties was developed  three decades ago [Anderson  and Archambeau, 1964;
Anderson ¢t al., 1965] and was used to obtain upper mantle models of shear-
wave (Qu) assuming that the Earth was radially symmctric and that 0 is >l
and independent of requency. A more compiete  treatment simultancously
inverts for ) and velocity as functions of depth (Lee and  Solomon, 1978], an
appreach  which takes foll  account of the dependence  of surface  wave
attenuation  and  velocity on bath ll-m clastic and dissipitative parts of  Farh
structure. Althaugh  thal procedure improves  the uncertaintics n resulling U
models. it produces madels which are cssentially the same a5 those produced by
methods which solve only for Q. Since we are only interested in brogd-seale
features of Lhe distibution o) L)“ wilh depth all the models which  we preseat
arc derived ustng the formulation of Anderson er al, [IR64). The
equations have been modified (o perimit study of the ltequency  dependence of
Q asseming that tha dependence is constant with depth [Mitchell, (980}, and
more receatly 1o include the possibility  that frequercy  dependence caa vary
with depth |Michell and Xie, 1994).  In this last case. shear wave Q in layer |
(Qup) can be cxpressed gy (,)l,|lQl. where the subscript | s a tayer index, Qnp s the
Qu value at 1 He for layer & and e exponent { denotes (he degree of frequency

dependence. Noete that s an atrinsic frequency  dependeace,  whercas n.
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defined  carlier as  che frequency  dependence  of Qrg. is not an ntcinsic
property of the crust, but can be affected hy hoth velocity and Qu structure
[(Mircheti, 1991]. The Rayleigh wave attenuation  cocflicient. YR . in this

formulation s

~ " ’
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where the subscripts R, o, and Bidentify  Rayleigh, compressional, and  shear
waves, respectively, w is angular frequency, and Cp s Rayleigh wave phase
velocity.  The subseripts, w. o, and B indicate that those yuantunies  are  held
constant when the partial derivatives  are campuled.  The facuwn 12 occurs in
the fight-hand terin because WCoassume  that compressional wive () is lwice as
large as Qu for the inversions.  Previous studies, such as Mecohedl  [IYB0].
indicate that inversion  results are affected  only  slighty by reasonable
assumed  values of compressional wave Q. When Ly is serooar all depths. the
inversion  yiclds a frequency-independent  model,

In order o study e requency  dependence  of L we o must separate it
from  the cffect ot depth dependence. This i nov possible using only

fundamental  mode data. but s feasible it higher mode auenuanen data are

available |Mirchell, 1980) Figure 12 shows that higher-mode surfaes waves at
a given period sample o Lager depth imerval i the  crust 4l does  the
fundamental mode. Figentunctions  of  verrical displacenient 1 that figure

were computed for a model of e castere Uited - States which o~ dentical (o

that of Mirchetl  and Heremann {1979] crReept that it dees uor oinclude 2
sedimentary Jayer, They show that the amphitude of the fundamenral mode ar a
period ol 1 s s msignificant below depths of 9 ar 5 ki 11 4 sedimwentary fayer

had been included., sighilicant amplitudes would have been restricted o the



upper 2 or 3 km of the crusgl The first higher mode ar ] 5. however, samples
aboul the same depth interval as that sampled by the furdamental mode at a
period of S 5 (abeul 20 kmy and the fourth kigher maode samples somewhat
deeper.  Adequate svathesis of the Lp phase 10 periods as short as | g by maode
summation requircs al jeast 20 (o 30 additional higher modes, all of which
sample the crust beiween (he surface and depths  of 30 km or more [Mitchel!
and Xie, 1994} The firse higher mode at a period of 8 s sampics depths similar
W those sampled by the fundamental mode at 20 {(50-60 km),

Mitchell und Xie 17994} wsed (S) ia a combined  formal inversion and
forward modeling Procedure 160 obtain trequency-dependert Qu modets for the
Basin and Range  provineg Fhe  procedure begins by assuming a depth
distribution for C1oand anverrs fundamental-mode  aitenuation cocfficient  dara
10 obtain a Qpl. T the resulting model s acceptable (e, it predicts atienvation
coefficient values  which agree with observed  values  and does  not fluctuate
wildly) we deternnme the vidues of Tp Q and s {requency dependence ar 1 He
and compare (e with ohserved values.  Mitchell and  Xic computed a sct of
synthetic setsmograms at several distances and uscd the stacked spectral  ratio

method of Xie and Nurdi [1988] 16 obtain those values.  This process can he

repeated  for  various depth distiibutions of ;. Because of  the large
uncertainties  in  atrenuation  and Q data g% well as  the non-unigueness
inherenl in ) inversions, there  wiil  he miny models  which  will satisly Lhe

fundamental-wode and Ly data As found by Miichell and Xie in the Basin an!
Range., however, there may  he teatures of (he models  which ae mdependent
of the depth distribution assumed for L

Figure 13 <hows a modei obtained by tverting  fundamental-mode
Rayleigh-wave atenuation data. obtained in the Basin and Range, for the case

when 7 = 0.0. low Uy values (= 50} characterize the upper crust, high values (=
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1000) oveur ar mid-crustal depths, and  values decrease gradually at  greater
depths. The reselving kerncls which are associated with the model indicate
that resolution is best in the upper crust and degrades with increasing  depth.
The value obtained for Qu at any depth is an average which is smeared oul over
the depth intervalb cncompassed by the resolving  kernel. Those kernels
indicale that eanly gross fcatures of the models can be resolved and that any
changes which occur over small depth ranges have no real mcaning. The
standard deviation bars in Figure 13 are small enough so that we can atiribute
significance o the major features of the model. A presct parameter allows us
to drade tesolulion against standard deviation valves in the inversion process,
Every inversion involves scveral (rials to find a value for thal parameier 5o
that we avoid models with negative Ql_]l values or wvalues which fluctuate wildly
from layer to layer.  The resolation kernels and standard deviation values for
the model in Figuie 13 are lairty 1ypical amd can be taken to he roughly
representative of the models shown in cnsuing  figures.
Upper Muntle Models

As mentioned earfier, the first shear wave Q {(Qu} models of the mantle
assumed  that the anelastic propertics of the Farth were radially symmetric.
Since, however., most mechanisms  for explaining Q are thermally  activated.
and since it is known (hat temperatures in the Earth may vary drastically from
region o region (Poflack ef ul., 1993], it is likety that there will be reégional
variations of Qu. The variations of the Rayleigh wave attenuation coefficient
values fur various regions of the world shown in Figures S, 6. and 7 also
suggest that, in order (o be adcquately  explained, Qp must vary from place in
both the crust and upper mantle,

Models, obrained from the inversion of surface wave allenuation data,

which primarily bear on the regional variation of upper mantle Qu over broad
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continental regions have heen abtained for scveral tegions. These  inchude
eastern (ENA) and western (WNA) North America [Solomon. 1912; Lee and
Solomon, 1978, Chen, 1985, Hwang and Mitchell, 1986), as well as castern (ESA)
and western {WSA) South America, the Indian shield (IS). and the Himalaya
(Hl) [Hwang and Mitchell, 1986]. 1In addition, regional variations of Qu have
been found w0 occur in the upper mantle of the western Cordiliera of Notth
America [Al-Khatib and Mitchell, 19917, Figure 14 summarizes models obtained
in the last ten years for hoth stable and lectonically active continental
regions.  The broader-scate models (solid lines) indicalc thal Qp  decreases with
increasing depth for the entire interval botween S0 ang 200 kot The models
for stable regions (KSA and ENA) have higher Qu values at ail dephs than do
modeis for tectonicatly active regions (WSA, HI, and WNA)  A: depths between
100 and 200 km Hwang and Mitchel} 11986} found Qu values i the stable
regions o be 125-150 and those in tectonically  active regions in (he same
depth range w0 he 40-70.

Al-Khatib  and Mitchell [1991] divided the western United States into three
regions which they called (he castern Rockies which way targely  confined o
the Rocky Mountains, 1he Iatermountain region  which  stretches  from the
weslern margm  of  (he Rocky  Mountains westwand  through  the Basin and
Range, and the Western Margin  which consisis mostly of Calitornia and parts
of western Oregon.  Widh this finer regionalizalion they found the Op values in
the uppermost mantle of al three regions to be lower than those obtained  for
tectonically active tepions by Hwang wund Michell 119%0) At depths preater
than about 125 km, values for the castern Rockies are similar o those in
tectonically  active regions  but lower  values occer an the Intermountain
region (20-40) and for (he Western Margin reglon (I5-50). These comparisons

indicate that Qu in the upper anantde  varies temendously  from  region (o
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region and that models derived from data acquired for long paths over broad
regions can lead (o models which differ subsiantially from  models derived
from dawa obtained over smalier arcas within that broad region The gross
consistency of the models and of the patterns of 1he QH distributions  indicate
that medels obtain from surface wave attenuation data refleet real changes of
shear wave internal friction in (he upper mantle.  As indicated in an carlier
section, however, amplitude data are subject o Systematic ctrors which often
cannot be taken into account; conclusions regarding the disuibution of Qu in
the Barth should be based only the gross features of models and  line-scale
features  should be ignored.

The  differcnces in Qu al upper mantle depths between siable regions and
tectonically  active regions  affect Q values  and ¢+ travel-nime/(dy  values
observed for teleseismic body waves bmh at long periods [Solomon and  Toksdz,
1970] and shor periods [Deroer gl 19%2], Q dewerminatons ot (hose waves
consistentty  find  that Q wvalues in (he upper mantle bencath the  western
United  States  rust be  lower than bencath the  central and  castern United
States.

Currendy available methods and daa do nol allaw any anferences to be
made  concerning  the frequency  dependence ol Uuoin the mande from surface
waves.  Body-wave studics, however, indicate thar Q in the uppet mantle may
be frequency dependent. at least in seme regions. Der F1982] has  summarized
avaitable information on  (ha topic,

Crustil Models

Stedies of crustal Qu require dara al shoreer perinds than those used  for
mantle studies.  Those waves are therefore more likely 1o he attecred by lateral
variations in elastic anpd amelastic struciure than wre  the fonger peried waves

used to study the mantle Ioes advanlageous therefore o ubtain data over



regions  which  are s bterally  unitorm s possible and o make multiple
obscrvations withi  cach region.  The number of suck regions is sull overy
limited.

Although there are difficultics in determining Qu at shallow depths in the
Crust, it is important w do S0, because observations of the altenvation of Lg can
be combincd with fundamental-mode surface-wive  attenuation 1o study  the
frequency dependence ol Q  at crusial depihs The  displacement
eigenfunctions 1ty Figure 12 show  (ha higher mode  surface  waves twhich
comprise L.g) at 4 pertod ot Lo sample teugh!y the ame depth range in the
crust as do tundamental-miode surface waves in the period range 520 . For
that reason, | Lp anlenuation duta can he combined  with that oblgined for
fundamental  surface  waves o Study  the freguency dependence ot Qp in the
crust.  Short-petiod stations of (e WWSSEN network (with a peak response ar |
8) began operating in the carly  1960's and many recordings of the Lg phase
have been amuassed winee hen. There s theretfore large data buse for siodies
of 1 s Lg waves,

Regions  wheine b fundamertal-mode andg Py data have been used (o
obtain crustal mdels ol Opare suli very limited  and [ will restrict discussion 10
models  obtaincd  for the castern tinited States between the Great Plains and
Appalachians {Cone umd Min fell, 19881 apd Ao the Basin and Range provingce
[Mitchell and Nie. 19yq) Fundamertal mode  sorface waves  used 100 recent
attenuation Jeternitnationy in botl regions can be o considered (o he relatively
free of focusing ciieens produced by tateral vansions i slruclure. I infer
that that ix the case for (he cental United  Stales because of s relatively
uniform  velocity stucimre aind  tor the Basin and Range hecause of careful
determinations ol surface Wave particie motion Tur the data used in that smudy

[Mitchell, et al., 1993,
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Figure 15 shows models obtained for hath regions.  The castern United
States  model requires that Qu vary with frequency, al least in the range of
about 0.3-1.0 Mz, in order 1 cxplain both [undamenial-mode and l.g attenuation
data [Mirchelt, 1980: Cong and  Mitchell, 1988]. It could also be frequency
dependent at longer periods. bul that is not required by the data (Mitchell,
1980].  The FUS mode! in Figure 15 is plotted for the case where L =05 Tha
number s not well determined and could vary with depth as well as frequency.

Crustal Qu models for the Dasin and Range arc also highly nen-unique.
The medel in Figure {5 assumes that § == 00 at depths between the surface and
15 km and that ¢ = (0.5 a greater depths. Mitchell and Xie [1994] derived several
other  models whick  also satisfactorily explained  lundamental-mode Rayleigh
wave and lp attenuation daa (g Q and s frequency  dependence |og).
Common features of all of those maodels are low QIJ values in the upper crust, a
rapid increase in value  at mid-crustal depth, and a low average  frequency
dependence throughout the crust, If it is assumed that £ is uniform with depth,
a value of 0.1 explains all of the data well and a value of 0.0 {a frequency-
independent madel) explains the data wtthin its uncertaintics, Miichel! (1991
had shown earlicr thal it was possibie o explain the frequency dependence of
Lg Q (about 0.5 in the Basin and Range) hy frequency--independent models in
which Qu  increased rapidly  from low (o high  values al mid-crustal depths.
Several I'rcqucncy—indcpcndcnt madels  had previously  been  derived  for  the
Basin and Range [Cheng and Mirchell, 1981: Patton and Tayvior, 1984: Lin, 1989]
which were not constrainged by Lg  information.

A 1apid increase in Qu at mid-crustal depths was detected in ag inversion
of Rayleigh wave attenyation in the central United Slates {Mitcheil, 1973).  The
same  fcature has since been found o occur ar simitar depths  bencath the

western United  States |Mitcheli, 1975 Mitchell and Xie, 1994] and has been a
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feature of all models derived  from Tundanicnial-mode  surface wave  allenuation
witen sufficient dara ar short periods  are available.  Observed increases of
with lapse time in coda waves [Roecker et al, 1982 Pulli, 1984; Phillips and Aki,
1986, De! Pezzo er al, 1990], as well as increases of P.wave Q valucs with
distance from the source [Af-Shukri, et al., 1988] also indicate an increase of )
within the crust.  The increase in Q with depth based on coda observations has
usually been inferred 1o indicate an increase in scattering Q) ar greater depths.
Wennerberg [1993, however, arpues that an increase in intringic Q with depth
is a more likely cxplanation.  Mitchell (1991] found that 1he large frequency
dependences of Ig  and Lg coda Q found a I Hz in e Basin and Range
province can readily be explained by a scvere Inceease in Qu  at mid-crustat
depths  without the need for frequency-dependem Qu values in the crust,

Overviews of | coda Q studies indicate tha Qo is high and s frequency
dependence is  low in most Stable regions  whereas that Qp is low aod g
frequency dependeuce s high in maos tectonically  aotive regiens [ Murely,
1988].  Becausc of these sunilaritics, it is likely that the lypes of model obrained
for North America which caplain Lg coda results (here are applicable o much
of the world's continental  regions A rapid increase ip ()}l at mid-crustal
depths is therefore likely o he 3 prevalent feature of the world's  continents.
A Peak in ' ar o e

Aki 11980) speculated, bur did not consider jt firmly established, that there
may be a peak at a frequeney of about 0.5 Hy in Q! valges for (he Tdithosphere.
Available crustal values of Ql}! niake it possible o lurther investigate  tha
possibility.  Figure |6 presents values of ()‘]l obtained  and  inferied for by
upper crust ol stable and welonically  active TCRIONS  over e frequency  range
from 0.05 10 geealer than 1 Hz and compdares themn with Q values measured  (of

fundamental-mode surface waves and for Lg. For the values i stable regions

iz

it is assumed (hat the upper crust lakes on values obtained  {tom frequency-
depenadent inversions  of fundamental mode Rayleigh wave data  ac frequencics
less than about 0.6 Hz and has value of abour 0.001 at 1 Hy as inferred from
frequency-dependent  inversions IMitchell, 1980, Cong and Mitcheil, 1985]. Qljl
in the upper crust of teclenically aclive regions is taken to he independent of
feequency (Mitcheil, 1981; Mitchell and Xie. 1994] at frequencies 1o just above 1
Hz.  Studies of shear-wave Q @ higher frequencies [Hough and Anderson, 1988;
Learv and  Abercrombic, 19947 in California, however, sugpest that Qp may
become frequency dependent ar some poim,  as indicated by (he dashed line jn
Figure [6. The vertical bars in the figure indicare ranges  tor URI tat .05 and
0.2 Hz) and for Q[A (1 My for stable {narrow  bars)  and lectamcatly  active
(widc bars) regions. Upil is very low in the lower caust (0002 o1 dess gt 1 Hz)
and those low values have a strong effect on measured QR] and (_l[',ﬁ values

tor that reason, a1 3 frequency of 005 Hy Qp i oin stable regions v about 00025
QR = 400) and in tectonically scdve regions s centered near O0S QR = 200)
even ihough Qlil in ahe upper crust is abour (.04033 (G =100) in swable regions
and 0.017 {Qp - 60} in ectonicaliy active regions. 10 we were (o yae (JRI instead
of O‘]] to infer the frequency dependence o Domothe hibosphere we would
tfes a peak in (7 1: wuen g peak s, howeser, po Devessary il we yse ()l',] and

remember  that  those  values vary tremendously  from region (o repion

Correlaton of Upper Crusial Op with Ly Coda
Available | g coda Q and upper crustal Op ietormation rmdcane they
both vary repionally in the same mannerorhey are high in sahle cralons  and
low in regions where wetonie aotivity gy rramnng o has receatly occurred
This is clear from (e Tollowing  comparisons which reter o hequencies of

Hz for both Qu and ()[_E: the  same conclusiogs, however, also hold  for
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fundamental-mode results lower  lrequencies In swble portions of castern
North  America, hol; upper crustal Oy (Mirchelt, LYR(] and Que [Singh  and
Herr tann. 9% have  heen  foend to be high (~1000 ang B00-1200,
respectively). whercas  both Qu values [Cheng und Mitehell. 1981: Mitchell and
Xie, 1994) and [y coda Q values |Singh  and Herrmanan, 1983 Chidve:  and
Friestley, 1986 Nurife. 19%6) in the Basin and Range are much jower {50-80 and
14(-400, respectively) Similarly, Op values in stable and active porlions of
South Americs [Ewany  wund Mitchell, 19861 correlale with whserved  values  of
Lg coda Q [Ruoet nid Nurtli. 1985] as do On values wm Indis wih messured g
coda Q (John, loni) Ihose Qu  values are inferred from the atenuation  of
fundamental-modc Ravlerph waves obtained  over the period range of abour §
W between 30 wnd 100 sceonds, Wavetengths far these waves are roughly
between 10 and  fni ki oas cempared (o wavelengths of Leg coda waves which
may range between about 1S and 3.0 km. The similatity of the putterns of Lg
coda Q wvariatiom wah those of Op variation therefoge SUggests that both bg coda
and fundamental mde Hayleigh  waves e predominanily  being  affected by

intrinsic anelastic  propertics of  (he Farih

Focal ) Studies

Although <oy () magraphy  perniits the study of regronal varkaitons of Q
tmnoogreater dJetm! than does tundamental imode surface -wave alicnuation,
results  are  sni!ll mveraged over lairly Large  areas Studics of  loga! features
require  smaller scale <tudics JEing o body waves, Body-methods  have  heen
applied 10 the stody o severad small-scale features  such  rfauly sones  and
gecthermal  source icas [ ha oand Akio V9SKD AL-Shukre and Mitchell, 1990:
Fehler et ul., 1992 Maveda, o1 af 99T er gl [u9g) Although body-wave

studies are outside (he scope of this teview, 1 mention them here because they
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provide  constrzints which any nodel proposed 10 sansfy  surface  wave
dticnuation  must  satisfy Local studics, for instance, can provide information
on the distribution and density of regions of locally low or high  values in the
crust. A model which includes consists of adjoining rcgions of low Q and high
Q is discussed in a later section.

An interesting possibility which has been raised on the basis of local Q
studies is that temporal varistions in Q can be observed whicl occur over time
scates of a few  years. Chouet [1979] made the first observations which
suggpested this possibility and  their plausibiiity has been supported by scveral
subscquent  studies  [Def Pezzo er al., 19K3; Rhea, 1984; Novelo-Casanova et al |
LIRS, Jin and Aki, 19%6; Saro, 1986, Peng er al., 1987 Although  short-term
temparal changes in Q have not found wide-spread  support, they are  nol
inconsistent with the conclusions expressed in this review, that ()p can  change
drastically, depending on (he density of cracks and volume of fiuids present in
the upper crust.  If (hose parameters can change over geological time. it is alse
rossible that they  can change rapidly in lectonically  active regions  over
relatively  short periods  of  time, Increased  attenuation. passibly  observed
prior 1w some carthquakes  could be interpreted  as being due (o enhanced
cracking  and  increased  fluid coatent in the wpper  crust prior to  an
carthquake.  Thar fluid, in turn, could reduce effective stress in the region and

lead 10 a greater possibility of carthquake occurrence,

Effect of Temperature on regional Qy Varialions
The models shown in Figurcs 14 and 15 indicaic that Qu varics by as much
as a factor of 1 in the upper mantle at depths reaching 200 km and hy factors
botween 3 and 12 in (he upper crust, depending upon the the frequency  ac

which Q is determined. The low values, both in the upper crust and the upper



is

mantie, occur in FCgrons  characlerized by high  heat flow and clevated
lemperatures al depth.  r g pertinent w0 ask  therefore whether variations in
temperature  alone  can explain  the differences i Qu which  have been
determined. Laboratory studies on internal friction have revealed a “high
temperature  background” [Chang, 1961, Gueguen et al 1989] which is often
the dominant factor in the measurements. Increasingly higher temperatures
are  thought 10 produce Progressive  unpinning  of dislocations  and,
consequently, lower Q“ values in upper manile rock,

Gueguen [ 1989] described  the  effect  of the  “high-temperature
background" onn their measurcments of internal  friction by 1 . m'ccxp(—
LE/RT) where o i« angular  frequency, £ s (he freguency  dependence
parameter  discussed  carlier, b g activation  ecncrpy, and T s absolute
temperature. . They found that B - 440 k] mal 1 gor olivine single crystals,
Berckhemer ¢t al [1982] found values for K of the order of 500 w 700 kJ mot-1
for  polycrystalline mantle  rocks If temperature js  the oily  factor  whieh
causes differcnces in ) from region W region, the ahove relation can be o used

to wrile an cxpression for the ratio of (O at 2 particular depth in two regions e,

) R , - i A
Qn. R nr,

We can solve this cquation for 15 if it s assumed 16 be (e same in hoth regions
for a parucular depth of interest and i the Qu. ¢ and T walues are known for
those regions. Al mantic  depths, C s not well ktiown, consequently,
determinations of F using cquation 6 should be made for ranges of possible
values,  Using ihe comtinental temperature values of  Peflack o al. [19R] ar g

depth of 150 km which would he appropriate for the central United States and
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f - i r
for the Basin and Range province. there are several combinations of {  values

which predict E values within the range measarcd by Berckhemer et oal. [1982]
for upper mantle rocks. I the solidus occurs at temperaturces appropriate for a
volatile-free  manile | Pollack, et al., 1993), then E wvalues in the <S00-700 range,
as mcasured by Berckhemer et ual. [1982], will result if & values are in the range
0.2 to 03, values in this range have heen estimated as appropriale averages
for the Earth from observations over a  broad frequency range [Anderson  and
Minster, 19791 If (he solidus s appropriate for a mixed volatile upper mandle,
then { values in the range 0.4 w 0.6 predict Eovalues in the proper range. This
range  of frequency dependence  values is  atse reasonable and  has  been
suggesled  as hcirlg appropriate for the lowe: crust and upper  mantle  in the
Rasin and Range |Mitcheli and Xie, 1994 Although these caleulations do aot
rule  oul  factors  other than temperature  as the  mecharism  for causing
regional variations in upper mantle (3, they do show thar it s at least plausible
that temperature  alone could  produce  the  variations miferred  to ocecur  at
depths of 150 k' and preater

The same calcelation  was performed for depths in the upper crust al a
depth of 10 km.  Ar (ha depth { was 1aken 0 be 0.5 n the castern United  States
and .0t the Basin and Range [Afirehell, 1997 Op values a the same depth
were taken as BOG and 70, fespectavely  (Figure 05y Far those  values and
appropriate  lemperatures  for  (he vastern United  States and  Basin and Range
[Pollack, et al, 1993, (he activation energy. F.ois cadeulated to be about 10
klimole, a value which i much too low to be realistic if lemperature in the
only facwor which contribyres to the difference ia Qu between  those regions,
We o must therefore appeal to o another  mechanism 1o cxplain regional ()

differences in the upper crust. The one which appears te be most viable s the
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motion of tlaids 0 cracks [AMirchels, WIS Muchell and Xie. 1991 and will he
discussed in the following  section

Over the depth gange from ihe lower crust through 1he upper mantle 1o
about 100 k. it s oalse difficull to obtain rcasonabie values of  aclivation
energy using published  values  {or temperature. Q. and  frequency dependence.
The only way that it is possible 10 obtain reasanable values is whea both 1 and
{2 are less than 0. Obscrved  Ireqaency dependence values for teleseismic
body waves {Der o al | 1982 seem o preclude that possibility.  Another
possible reason {1 i difficuity mav he thar whereas Dy al a depth ol 150 wm

can  be caplaincd by a single  alomic  attenualion mechanis with

- . . Lo ey
corresponding salue of 1oand Ny valy as ¢ o that other mechanisms  with

different valucs o1 b oy become Important at shallower depths and ) may

vary as ¢ " i Tty

A Madel for Regional QO Variauons
Several  studies have cinpliasized  the  role ol sngerstitial Huitds  in
producing regional saridtions  of  shear wave internal  friction in the uppes
crust of continenral repions (Mg hetl, 19750 Mitchell, IR0 Mitchel! and Xie,
1994]. A maoded o which the molion ol fMuids in a network of cracks CAUSes
reduced valucs o U is consistent with both lahmulnry nweasurements [Gordon
and  Davis, 1908 Wenddler and  Nur, 1979} and with  (heoretical predictions
[O'Cennell and  RBudianskv, 1977) Although  limited  resolution prevents a
precise  statement egarding  the depth that (luids in the  crusg penelrate,  our
models indicate that that depth s in e range 19w 185 km. Higher Qp values al
greater depths mpis that fluids are absent or, ag least that they  are much lesy

abundant, at those depths which correspond  to the plastic lower  crust,

Petrological cvidence | Yurdley, L9861 and fluid teansport calewlations [Bacdley,

iR

19901 argue against the presence of fluids in the lower crust The high @y
values which are required there 1o cxplain observed surface wave allenuation
appear (o support those views.

Studies of both fundamental-mode surface wave attenuation and Lg coda ()
indicate thal Qu is lowest is regions which have most recertly undergonc
tectonic  deformation.  This suggests that faults, cracks, and interstitial fluids
which produce reduced Q) values, arc abundant in thosc regions at the time of,
and shortly following, periods of crustal deformation.  The fluids may be due to
melamorphic reactions which occur as  result of elevated lemperatures  from
frictional  heating  or inlernal deformation | Edheridge er al, 1984: Newton,
1989} After the cessation of deformation, fluids will be slowly lost, either by
retrograde metamorphism  or by migration o the surface, cracks will close,
and Qu  will increasc in the upper crust.  Figure 17 schematically  illustrates
that  process. Resulls from the continent of Africa (Figure ) suggest  that
reductions in observed Ly coda represent the effect of tectonic activity which
occurted  in the early Palecroic era.

Surface wave results alone cannot say anything about (he distribution of
the fractures and cracks which cavse the reductions in Qu discussed in this
review.  Permeability determinations in deep wells [Morrow and Bverlee, 1992;
Durham  and  Bonner, 1993}, however, indicate thal fluid motion s nol uniform
in the crust, even in lectonically  active regions. Rather, fhuid circulation is
restricted e major fracture zones.  Fluids may occur in clusters of dikes and
faults which exist within briule portions of the crust as proposed by Hill {1977]
for California IT that is the case, Iocal studies may produce widely disparate
values of Q for the upper crust; they will be low in fractuored regions and high

in regions which lack significant fractures. Surtuce waves lraversing a  non-
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uniformly fractured region will be  affecied by fluid movement over a hroad
region and thus yield low values of Qu.

Mid-crusial Qu valves are much higher than those in the upper crust and
show much smalier regional variations. Ay depths greater than about 25 km,
however, Qu values decrease with depih, slowly in stable regions and more
rapidly in f(cctonically active regions, so that significant regional  differeaces
In Qu again wvccur.  Calculations in the previous section, assuming a constant
activation cnergy,  indicated  that differences in  temperature  could casily
cxplain regional dilferences in Up at depths of 150 kin. Ax shaltower depths je
the mantle and at lower crustal depths, il s possibie thar Qi may be governed
by more than a single attcnuation mechanisin, Increasing 1emperatures  serve
to unpin dislocations, a process which decreases () and produces a transition (o
viscoelastic  bhehavior |Karator  and Spetzler, 19491 Partial melt will  also
decrease QH [Skankland et al, 1951 bu cxperimental results show  ihat the
ocasct of decreasing G vecers well before temperature reaches liguidus Jevels

[$atoc et al., 1989).

Summary and Coenclusions

Measurcments of  surface-wave attenuation  coctficients  and Iy coda ()
values have many pitfalls, bul modern processing methods  now allow  us (o
Iook at their regional variations in some  detail, Using those  processes. and
careful screening of data 1o cnsure tha it periains only 10 jhe portion of the
crust which is of interest. allows us (o study. not only the anclastic strocture ot
the crust, but its tectonic evoluljon as well

f)“ and its lLiequengy dependence  in (ke upper el crust ol contineats
vaies  with  geographic region, with observed regional dilterences ol Oy buing

greater than an order of magnitude.  The regional  differences are related 1o
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the tectonic  cvolulion of  ihe continental  crust with  regions  of  recent
deformation exhibiting (ke 'owest values  of Qu and old swable cratons the
highest. The regional variations of Qu are casily discerned on broadband
seismograms, and dramatically affect values of fundamcrtal-mode  attenuation
cocfficient values as well as the L.g phase and its coda These regional
variations ol Qu in the wpper crust are most castly explained by the movement
of fluids in cracks which are  abundant during  and immediately  following
periods of deformation  and which decrease tn number with Linw fullowing the
defocmation, Fluid - volumes  continually  decrcase. by retrograde
metamotrphism o1 loss 10 the surface, producing  higher and  higher values of
Qp with time.  Tomographic maps of Lp coda Q supgest that we are able o see
reduced vakues of Q@ causcd by (ectonte activity  which occurred  as long ago  as
the carly Palcozoic cra

Circulating  fluids are  restricted o major tacture sones  wineh  traverse
the brittle portion of (he upper crusts thus local studies of ) will lead to
disparate values for the upper crust depending upon where the study was done
relative (o the  locaton ol Aractures, whereas surface  wave  attenuation will
sense fluid movementl in (ractures over w broad repton and inter low values
for Qu in the upper crus

Q“ m the tower crust s wlatively high, both i stable and tectonically

active regions.  This can be explained by e shore residence limes ot fuids
maobile, plastic regions of the crust, The vapid transition trom low o high Qy
values  al mid crustal depths may  he o wide spread feature ol continental
regions.

Al upper mantie depth<s 00 s possible o cntirely  explain regional

variations in Qu by diticiem values of temperanures at those depths. Higher
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lemperatures . prodoce @ greater degree ol unpinuing  of dislocations, leading 10
lower Qp and cventually 1o 4 transition 1o viscous hehavior.

Although  much progress in unederstanding  shear-wave  internal friction,
its regiomal variation., and frequency  dependence  has  heen made  in recent
years, there are many unanswered Juestions. Constraints  on Qu and s
frequency dependence tn e lower crast and sppei antle are weak and  we
do not know anvthing  aboul possible  regional  variations  of frequency
dependence at  those  depihs In addition, our knowledge  of Qu in the
lithosphere of occume tepions. which comprise the  preatest portion of  the
Earth's surface. o rwdimentany Almost nothing is known ol the nature of the
frequency  dependence ol Ou theres These and  other Yuestions  related (o
crusial cad upper mantle anclasticony  should  be frusriul restarch dreas log

years o come.
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Frgure Caplions

Figure 1. Top - A aasmogram recorded by stadon CCM st Cathedral
Cave, Missount, generated hy an earthquake of mp 4.7  which
occurred I8V ki away.,  Bolom - A seismogram  recorded by the

Apollo 12 scismometer and  which  wag produced by the impact of
the S4B Saturn booster of Apolle 14 at distanee of 147 km,

Figure 2. Scismogiams recorded 2 station COM and at PAS (Pasadena,
Californial from the same event in southeastern New Mexico  which
occurred  on January 2. 1992 a0 |1 4s 356 GMT and had a
magnitude of 460 The epicentrel distance 1o CCM is 1256 km and
that to PAS s 1417 km.

Figure Y. The amphtude radiation pattern which would be  prodaced by
a verteal soake-ship fault with 3 sirike  of gbout NI10E  and
schematios of possibfe paths 1o twoe recording stations it the waves
are  laterallty  refracted  in media with Faterally  varying  elastic
propertics.

Figure 4. Tup Map vicw of a simple Laterally varying muode) where
intrinsic v uniformly low 1o the lefy of vertical houndary  and
uniformly high to the right. X denotes a source ol seismic waves and
the numbered  circles  denote the  focations of  seismic stations.
Bottom Posable  amplitude  variations  with distance il surface

ravel betweci two stations (1w 2 and 3 1o 4) or af amplitudes are
recorded ar two stations, one in the low-() region {statien 1) and one
in the ligh (3 wepion (station 3y

Figure 5. Summary ol fundamental-mode Rayleigh-wave  atcnuation
coefficient eterminations in o stable continental regions al periods
between 5 st o

Figure 6. Semmary ol fundamental-mode Rayleiph-wave  attenvation
coefficient derenminations in wetonically  active regions  at periods
between 6 and (03 o

Figure 7. Compansea ol fundamenial mods Rayleigh-wave alienuation
coefficiont  Jdeicrminations  for fectonically  active  and  stahle

contmental regrons (Figures S and 6), with hose for oreanic regions
[Canas wnd Muchell, 1978 The three oceanic values at cach peried
correspond to thee dilferent age ranges {((B500 My, SU-1000 My, aad
>100 Moy o Tnhosphere formation

Figure 8. Tomogiaphic map of Lg coda Q values at | Wz for the African
continent.
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Figure 9. Tomographic map of the frequency dependence (1) of g coda
(2 @t | Hz for the African continent

Figure 0. Tomographic map of Lg coda Q valwes at 1 Wz for Burasia

Figure 11.  Tomographic map of the frequency dependence of Lg coda Q
at | Hz for Eurasia.

Figure 12, Rayleigh wave cigenfunctions for the fundamental, first, and
fourth higher modes at a period of 1 s; for the fundamental and first
higher mode 2t a period of S s; and for the fundamental mode at a
period of 20 5. All cigenfunctions were computed Jor a velocity
muodel of the casiern United States [Mirchell and Herrmann, 1979

Figure 13, Left - A Q! model for a path across the Basin and Range
province obtained from an inversion in which it was assumed that
Qu is independent of frequency (L=0) at all depths.  The model
adequately  satisfies both  fundamental-mode  anenvation  coeflicient
data und  observed  values for Qlg (267+56) and its frequency
depeadency  (0.3720.06) at | Hz,  Horizontal hars indicate one  standard

deviation.  Right - Normalized resolving  kereels determined  for deplhs of
3.0.9.0, 195, and 32.5 km [Mirchell and Xie, 1994)

Figure 14, Upper mantle models of Qu determined for varions stable and
tectonically  active  regions. ESA (castern South America), ENA
(castern North America), 1S {Indian shicld). WSA (western South
Amecrica), Hl ({the Himalaya), and WNA (western Norh America)
models  were  determined  from  the inversions  two-station
mcasurements  of Rayleigh wave attenuation cocfficients on three
continenls  (Hwang and Mitcheli, 1986] and the ER (castern Rocky
Mountains), IM (Intermountain region), and WM (western margin)
models  were  determined  from  the same type of data for three
regeons of the western United States [Al-Kkarib and Mitchell, 1991].

Figure 15, Frequency-dependent crustal moedels of Qu for the castern
United States [Cong and Mirchell, 1988] and the Basin-and-Range
province  [Mitchell and  Xie, 1994].  The EUS model assumes a
uniform  frequency  dependence (C=0.5) at all depths and the B&R
model assumes that Q is independent of [requency 1o depths of 15
km and that frequency dependence at greater depths 15 005,

Figure 16. WValues of Qit inferred for the upper crust ol stable (Mirchell,
1980] and tectonically active [Mitchell and Xie, 1994] regions.  The
vertical bars 1oward the feft of the figure denote observed ranges of
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values for Rayleigh wave internal frictjon (Qrh and  those toward
the right denoe observed ranges of wvalues for Q;;L., Wide bars
indicate valwes which were  obtained jn tectonically  active repions
and narrow bars indicate those which obiained i stable regions,

Figure 17.  Schematic of a fluid-filled crack model whick illustrates why

intrinsic Q in (ke upper crust of continents increases  with time
following periods  of lectonic  activity, The model on  (he left
féprescnts crust which has recently undergone  tectonic deformation
and the one on the right represents erugt after sufficient time has
passed since deformation 50 that fluids are absorbed or log and
many of the cracks have closed.  The shading represents the plastic
lower crust.
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