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Abstract

We present obserwdkms of regional phase velocity and propagation characteristics using data

recorded during a one yeas deployment o!’ broadband digimf seismic stations across the cenuaf T&tan

Plateau along the Qh@i-Tbc: highway from Golmud to Lh.asa Previous studies of regional Thma

Plateau ezssthqu,akeshave had m rely on data recorded nfmost exclusively at stations omaide of the pla-

teau, We have the opportunity m study numerous source-receiver paths confined entirely witiln the

Tlbetaa Plateau. Our analysis concentrates on tsavel-time measurements using this data set. Pa can be

clearly picked for all observed paths and propagates w an average velocity of 8. MO.14 knds across the

Ti_@aa Plateau. Sn shows dr.mnmic wariaticms in propagation efficiency aad, as previously reported,

rapidly decreases in .asaplitude ;LSit proses through the northern potion of the plateau. Additional

events, from outside of the plateau, ,are included to map the boundaries of the region of inefficient Sn

propagation, The most significant observation from this unique dtta set is that the entire northern pm.

[ion of the Tibctm Plateau attenuates Sa energ!r. When observable, Sn propagates at an average velo-

city of 4.59+0.14 kmhcc across UK plate:m Otlr results ndd consmdms to the velocity wmcture of the

lithosphere beneath Ule T!bcmu Plmcau.

Introduction

This paper suaamwizes obscrwvions o!’ seismic velocity ‘and prop+yion characteristics for high

frequency, regional phases (Pg. PI] amJ Sa) recorded m ekvea 3-component, broadband. dk?ital seismic

stmions across tile ccntml T]bct.m Plmenu (13gure 1 :md Tahk 1). The prim.nry goals of this study are

10 dc(ennine phase velocities t’or Pg. Pa md Sa md atso to map the I:lteral v.wiation in propagation
.
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characteristics of Sn wihin the Thxm Plfitc:w. Tle propagation and attenuation characteristics of Lg

will be addressed in a separate study. During one year of recording (July 1991-JuIy 1992) 183 event&

at regional dkrances to our army, were recorded. 53 of these events were located witiin the T&tan

Plateau (figure 1 and Table 2) offering a unique oppormnily to observe seismic phases that both ori-

ginated and were recorded entirely within the Tibetan P]mau. Previous sIudies of regional T,betan Pla-

teau e.onhquakes have pluced first-order cons[rain[s on upper nmmie velocities, but have had to rely on

data recorded atmost exclusively at sL1tiO1lsmmide of the pl:iteau. Regiomd phase velocity and prop.

gation characteristics are essential to obtain :!ccurate velccity information about the crust and upper

mantle. Such information is critical to understandhg the tectonic evolution of this important region.

Geologic history and previous investi~~timrs. The Tibetan Plateau has intrigued gcosciendsta

for both its impressive physiogmphic features as WCIIas the relative lack of rM2 available for inW’pre-

L1tiOn.The TR)etan Plateau is comprised of a series of tectonic lermnes that accreted onto the southern

margin of Eum.sia after the hrenkup of Gondw,m![. Since LIICcollision of India about 40 my ago, nearly

2000 km of convergence has occurred giving rise to the Himalaya and Karakorarn ranges as well aa the

TR@an Plateau (Harrison et aL. 1992). The Tihemn Pkucau srands out bxausc of its high, uniform

elevation and ita anomalously d~ick crust (fJ5-70km) (h{olnar. 1988). To dxe, the paucity of interpret-

able data has not allowed for the dctem>in;ltion of the ex:ict lectonic mechanism that produced the

Tb%m Plateau. This has Icd to a wide variety of mclonic evolution models, most of which faJI into

two basic end-member theories. J%sL CKUSLI1thickening md Iithospberic shoaning cccuning in

response to compression genemted from continmtal collision between the Jndian and Eurasian plates

(Dewey mid Burke. 1973). Second, uplift occurring by SIMI1OWul~derfllmsting Of tie [ndi~ fi~Ospbe~

beneati Eurasia during collision (Arg.and, 1924: B:fl~.mgi mld Ni: 1982; BcgbOul et ~., 1993).

Many first order geologici md geopbysic:d ohservmions have been made (for review see Molnar

(1988)) but irrfrmnatim about d}. mmtle vclocil y structure remains :!mbi:ucms. Previous studies. using

regional phases, have been conducted wid] stxions outside tile pkmxm, with the excepIion of the Lbasa

station. There are a wide range of Pn vcloci[ies reponcd from earlier studies. The lowest average RI

velocity rc~rted for the Tibetan Plntem is 7.93i017 kmk (Zbao and Xia. 1993). CMIer esti~~s
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report Pn and Sn velocities of 8.1 kds and 4.7 km/s respective y (Chen and Molnar, 1981; Jia et aL,

1981; Ding el al., 1993), Still other studies have found significantly higher velncitie.s for f% and Sn

(8.43 knds, 4.73 Ms) (Bamzangi and NI, 19NL NI and Ilammrgi, 1983; Beghoul et al., 1993). The

results of the separate s~udies Icd IJleir :!udmrs to favor opfmsing theories for the evolution of tbe

Tlhctan Plateau.

Data

The data used in this study were digitdly recorded using broadband Streckeiscn STS-2 sensom at

11 sites within tile central portion of the Tibetan Plateau (Owens et al,, 1993b). Initiaf event bcations

were determined from We U. S, Geological Survey (USGS) monthly Preliminary Determination of Epi-

centers (PDE) catalog. Locations for a small subset of T1bc!,m Plateau events have been improved and

will be discussed later. We have examined Ioczl ‘andregional events to determine the propagation velo-

cities and characteristics of the phases Pg, Pn and Sn. For seismic phase velncity calculations we have

resticted our analysis to pm.hs entirely within the plateau, This includes 53 events with epicentem

within the TibeL1n Platmu (Figure 1 and Table 2). We define the boundaries of the Tibetan Plateau as

the 4(K)Om eleva[ion contour (F@ure 1). An mfditiond 130 regional even& with sources Incated nut-

side of the plateau, were recorded and are used m ewd uate rhe propagation chamcteristics of Sn (Table

3).

The phase, Pg. as used in our study is dle direct compressional arrival that propagates at hxaf ~

distances within the crust. Previous authors have shown tht Pg is the first amiwd for epicentral d:s-

tances less than approximately 333 km (3°) wirlrin the T!bemn Plateau. Beyond this dkance Pg is

observed as tile second maior .amiwd, behind U1emuch sm,aller amplitude Pn. The regional crossover

distmrce can be seen as a change in slope in UIe tirst anival tmvel tiies versus distances plotted in Fig-

ure 23. BoIJI Pn and Sn ‘we regional distance refracted or turning waves that travel direafy beneath tie

Moho in rhe high veloci[y upper-mantle lid. Vchrcity v,mimions of Pn and Sn c.m he used to determine

regional varimions widlin tJw upper mantle benexh UKT!bet.m Plateau.

.
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Observed Phaac Velocities Within the Tibetan I%teau

f% observations. Pn w,as manwdly picked as the first motion on the vertical compunent at

regionaf diskmces 10 our ,army. To aid in picking, we examined broadband, high paas filtered (comer 1

Hz) and bmd pass filtered (comer 0.5-4 I [z) records m well as the envelopes of each passband. Pn

mrivaf time was chosen as the earliest clew arnvaf of all p.assbands examined. Some examples of F%

can b-e seen in the event record sections used to illustrate Sn behavior. Because both multiple stations

aud multiple events were used. travel times were corrected for both focaf depth and station elevation.

This was done by computing a travel time correction by simply multiplying dle verticaf slowness by the

deviation in station elevation or focaf depth from LIICreference datum at sca level. The result of these

corrections was a slight reduction of wwel time thta scatter.

F@mc 2a shows 1090 corrected, firsl ‘arrival picks from 183 events recorded at regional dWances

to our array. Pn is the first aniv.ti and can be Iit by a strai:hl line between the regional mosswa tls+

tance at approximately 270 km out tu aboul 1800 km where deep turning P waves arrive before f%. ,4

velucity of 8.2SM0.18 km/see with ,an intercept time of 13.5 s was obtained by fitting travel times in the

distance range where Pn is the first arrival on tile seismogram. The Pn-Pg crossover diwanct of 270 km

apparent in ~lgure b iS less than the appfOXiIN[ely 333 km (3”) crossover dktancc observed in previ-

ous studies witi less pure pzdh plateau data, but we will still use 333 km as a minimum distance in om

I% velucity cafculwions to avoid cent.aminatiun by Pi? <arrivals near the crossover ~IS~~. It ~s

apparent from FlgUre 2a that the slope of the Pn arrivfll trend decreases with increasing distance beyond

about 1500km, indicating that 14ere is a positive vel{lcily grfldlent in the upper m~tle. fieviOus studi{;s

have provided additional evidence for m upper !mmfle velocily gradient (Holt and Wallace. 1990; ZhaIo

and Xie. 1993). In addition. our data shows a sbm’p change in slope of initiaJ arrival times mound

1800kIm This is due to deep turning P-waves in dle mantle transition zone (about 4oOkm depth). l[n

order to focus our study on tile uppermost mmtle hcnctuh dm plateau, we will restrict our anatysis to

paths that are Mb enlirely cuntlned widlin dle pkmau :md hc[wcen distmces of 333-1777 km (3-16”).

When we restrict our observations to paths enlircl~ widlin [he plateau, 263 Pn first anivats were

obmined from tile 53 events within the plateau. Travel time picks ‘meshown in Figure 2b and were tit

.

—
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between the disomces of 333-1777 km (3°- 16“). This tigh[er dlstauce mnge is used to efiminafe aq

contamination from slower Pg phmes near the crossover distance (270 km) and faster deep mantle P

waves arriving first around 1800 km. A veloci(y of 8.1-M.14 kndsec was obtained from the S1OLXof the

L2 fit, with an intercept of 12.7 SCC.The l% vclc.city obtained from paths restricted to the plateau is

lower Wm that obmined from the entire rcgiond data set. <aswell as lower than es:imates obtained by

including paths longer than 1800 km. The imercept time and Pn velccity corfespcmds to a cruscaf tMck-

ness of approximately 60 km when a CIUSMvelocity of 6.1 Ian/s is assumed. This is compamble to pre-

viously published thickness estimations (Molmar, 1988), Uncertainty is relatively high due to scatter of

tfle travel dines (F@e 2c).

Figuse 2C shows residuals from the L2 fit of Pm Some arc nearly 10 sec while most are at Icaat

1-5 sec. Such wide scmter is indicative of’ either pcor picks, inaccurate event Incations or faterally

heterogeneous velocity structure in the lithosphere beneatb the Tbetan Plateau. WIdle Pn is often emer-

gent and difficult to precisely pick. in most cases a precision of at least 0.5 sec was obtainable. For this

reasnn we considered kwger residuals tn be related 10 structure and/or event Icnfion errors. fn a fatm

section, we describe attempts to reduce rcsidwds through improving event locations.

Sn observations. When we restrict our malysis to paths wilhh the Tibetan Plateau. Sn arrivals

~ rare. As observed by Ni and Barazangi (1983) and B~~.~~gi ~d NI (1~82), Sn energY is a~nu~ed

for pmhs tfmt cross the nnrtJ1-cenwaJportion of flle plnteau. We were able to pick only 36 CIMSSn

arrivals from our data set of Ttbet:m Plateau events An Sn velocity of 4.5’MO.14 kmlsec was obtained

by an L2 tit to these observations. This is n (ypicd velocity for continental Sn paths. Most residuals

fall wirbin 5 seconds of tile mean and all within 10 seconds. Uncerminty is large due to tie lack of Sn

observations and our computed Sn velocity is lower timn !lose in previous repnrts (Mohmr. 1988).

Pg ubservatinns. P: was tit for t~vodistmce rtmges sillce it is uncle.~ at what dls~nce fie exact

regional crossover occurs. If we use the previously observed crossover distmce ‘and tit aJl initiaf arrivals

ICSSthan 333 km (3°) m L2 fit cmnpwed a Pg velocity of 6.73+0.36 ~flsec for W ObwmatiOns. Whf:n

the dismnce range is dccrm.wd to O-270 ~n p! vclOciV dccrc= LO6. 1~~.23 ~sec. me fim~ ‘ciO-

city estinmte is exceptimmlly high mld may h~ fi fullctiml Of U1e~bigui[y in U1eexact cmssOver dis-

.
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tamce. his indicates that the crossover distance is less than the previous estimate of 333knr (30). Con-

tamination by faster Pn arcivals beyond the acuml crossover distance and error mapped into travel rissw

picks, due to miskxmion of events, will at”fcct the velocity estimate. At smaller dktances, event depth

;md InCation errors cm!se rclmiveiy I.argcr rcsidmtis Umn at greater disL?nces, For these reasons, an

exact crossover dkumce is difficult to dekxmine. To be consistent with an intercept of 12.7 sw the

crossover should occur around 320 km if we :Lssumca cmsmt velocity of 6.1 knds and a cmstal thick.

ness of 60 km. Thou:b scmtcr is high at the crossover dkmnce it appears that it is less thins 32o km

(F@e 2). The discrepancy between the intercept time and the crossover distance is likely due m

errors in event location with the plateau, as discussed in the next section.

Event Relocating

Event locations and focal depths reported by the USGS PDE catalogs have been shown to be in

etror by as much as 25 km within the Thtan Pllteau (Zbao and Hebnkerger, 1991). Global emsfr-

quake locations are generally obtained by .a.ssumingm average cmstal thickness of 30 km crust. How-

ever, the TIbcmn Pbdeou crust is anomalously thick (60-75 km), so this assumption breaks down. Com-

sequendy earthquake locations reported widtin the Tlbekln Plateau are likely in ecror. To investigate

the size and impact of these ercors on our estimates of PII velocity, we have attempted to improve the

locations of 16 local and regional earthquakes within tile Themn Plateau. Mistocations can lead to

large residuals in travel time cucves, inaccurate tits and consequently inaccurate measurements of macl-

de VelOCityand ccustal thickness.

To explore the effects of epicemer mislnc-a!ion on our cstimmes of Pn velnchy, we tried a simpile

grid search prncedure to determine a new even! epicenter mld Pn velocity !Am best reduces the trmel

time residuals. The event epicenter is cnovcd in a 1” by 1° gid. in 0.01° increments, centered about the

initial PDE location. AI each new kitimde/lmlgitude grid point, tnvel tiines are plotted versus the new

epicentml distance to each recording stmion and a ncw line is fit. Both L2 and the L I fitting techniqum

are used. The grid point tlutt produces the lowest st.mld:ud dcvimion from the L2 fit and the lowest

smallest mean error from dw L 1 fit is considered the new event location. Both origin time and fed

.
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depth are fixed in the rehxation procedure because they will not have an effect on Pn velncity, only ou

the intercept time. Since we we interested in Pn velncity ‘andevent hxation obtained by minimizing

residuats, the intercept rime is not used. Adjustments to tmvet times for origin time and fncal depth

corrections at each Iocmion would not help reduce individual station residuafs since Pn vebxity recnahs

unchanged. fly fixing bnth origin time and focal depth and thereby travel time, and only vacying event

Iucation, we ace analyzing relative ravel times between recordhg stations. Fbadly, since we am fitting

Lcavel times acrnss the pkueau we ,are assuming only that a one dimensional velocity structure is ade-

quate and picking errors ,are smafl. No specific velocity su’ucmre is assumed. This technique aflows us

to eXp]Ore the effeCLSof eVent m]SlcXatiOflon the Pfl velOCity without the circufacity of having 00

assume a particular velecity mndei,

From the 16 well-constrained new Iccatiom, we obtained an average retncmion distance of 15.06

km. Relocation values mng,ed from just a few kilometers to as much as 34 km. Individmd event mea!+

urements of Pn velccity using the improved locations vary considerably (7.9-8.4 kut/s). The large range

of individual event Pn velneity estimates is a indication of lmeral heterogeneity across the Plateau. Pn

veiocity from an individual event is bla.sed by tile individwd event station paths because of the small

number of observations. Accurate determination of an avec+le Pn veltity RqUUeS a tige number of

observations. Individual paths may be useful (0 {chamcterizelcml variations in velocity strocNre.

Since travel time is fixed in our relocation pmcedurc, the individual event inte~ept times am not

used in the relocations Travel times were normalized to an intercept time of zero by removing indivi-

dual event intercept lime measuremems. Shown ‘are 122 normalized travel times plotted versus the dis-

tances obtined from the 16 improved event hxmions m well as the 16 original, PDfi locations ( F1g-

,we 3a). V&en comp<ncedto tbe travel times fol dle Original localions (F@re 3@ 11is appacent that the

avera~e Pn velcci[y chmges only slight!y when locations are improved. This suggests that average I*

velocity is insensitive to event dislocations. Errors ‘we avera~ed out when a kwge number of travel time

observations are used. ThL!scresults su:ges[ that I Pn veloci[y in !k range of 8.1 knds is a gocd aver-

age for the Tibetan Plmeau and tim[ a kuge number of ,amivalsshould be used in lhe daecmination. F(g-

ure 3b shows UHI1despite relocation, scat{er i!; IN)(signiticmdy reduced overall. Since we have elim-

.



-x

ioated event Iccation errors :L$a source of scaucr. it is rcaaonable to conclude that tie scatter in Figures

2 and 3 is due to lateral variations in seismic velocity within the Therm Plaleau.

Regional Phase Propagation Characteristics

Sn propagation across the T[betzzn [’lateau. The liner regionaJ phase, Sn. shows interesting pre-

paration variations across the T1beLln PlaIcmJ. ‘We have divided our analysis of Sn propagation intcl

two parts based on location of tile epicenter. Fbst, wc analyze event/station paths resmicted to the

Tlxmn Plateau (Table 2). Our experiment is unique in that this is tie tint time such data baa been

available. his data set removes any effect ot’ the plateau boundaries on Sn ampfitude and aflows for

detailed mapping of propagation characteristics. Second, we imafyze eventa with locations outside of

the Thetan Plateau (Table 3). ‘flis second data set ellables us to determine any effect that the plateau

Ixnmdaries may have on the propagation ch,amcmistics of the Sn phase. By combining infornmtiorl

from these two data sm.s, we cm resolve ambi~uities from previous studies that have not had access to

multiple recordhg stations on tiIe Tibetan Plateau.

Our analysis procedure was simplistic in that we merely noted if Sn was present, ahaem or weak

on the band pass (l-5 HL) seismogram at the time appropriate for waves !ravefing at our measured Sn

velocity of approximately 4.6 kmh. We examir[ed individual event high frequency record sections in

both the radial and LmgeIItinl comfmnents O( mmim for the presence of Sn. After this determination.

we mapped tile evellt/station paths to determine dle spalid pmmm of Sn propagation.

165 paths from 53 T1bemn Pla[eau events are shown in Figure 4a and b. Figure 4a shows paths

where Sn energy is clearly observed on boU1the radial and umgential components of motion. Figure 4b

indicates piuhs where no significmt Sn energy is observed. A greater number Of Pa~S dO nOt have .%I

energy observable on Ihe seismogram It is clear !hat Sn doc$ not propagate efficiently acrOss tie cen-

tral T1bemn Plmsau suggestin! [hat our results are in a:rccmem widl a zone of inefficient Sn propaga-

tion proposed by Baramngi :uld Ni (1982). Howver, ihe ctcnsity of our observations enable us to more

precisely define the boumfarks of this fwor-Sn zone. Specifically, we suggest Umt Ihe entire northern

portion of the plateau effectively btocka the fxofmwion of Sn.



,!

9-

To demonstmle the variable nature of Sn propagation across tie T&tan Plateau, record sections

of seveml events are shown in f@ures 5.1 (). Evmt-sLlliOn pmhs, for tilese events, ,are shown in FIgum

1la. The record sections ,are plotted with a PII reducing velneity of 8.1 Imr/sec and Sn travel tie pred-

ictions are included for reference, Both the radial and umgentiai compenen!-s of motion are shown, band

pass fdtefcd (1-5 Hz) 10 suppress the large amplitudes of the surtace waves and to simulate a shott

perind instrument, The seismograms are e~ch scafed [o peak ampiitude for comparison of the traces,

eliminating any dktance dependent amplitude variations.

Event 91.222.20.21,24 (I%gure 5) occurred wi!hin ile region of inefficient Sn propagation pro-

posed by NI and B,arazmgi (1983) ‘and shows rlo significmt Sn energy. Sn is either not generated. or

severely attemmted. Event 92.095.17.42.50 (FQure 6) in Southern T1ket (F1gctre 1la). shows Sn pro.

pagating to SANG, AMDO. USHU, GANZ an~ WNDO and weak te nonexistent at MAQI, EREH3,

BUDO and TUNL, Note the decrease of Sn energy at WNDO relative to AMDO, TMs suggests that

the southern boundary of dle zone of inefticienl SII propagation is tmnsitional and allows some Sn

energy to enter. However, the energy quickly d!es out as evidenced by the complete fack of Sn at

ERDO and BUDO. A second interesting effect is the dramatic energy decreaae along the same azimuth

from USHU to MAQ[. This suggests a significant clmnge in upper mamfe pmpcrties between tie two

stations that can he explained by exIending d]e poor Sn zone e.a-wward. AISO~lis indicates hat mdbl-

tion pawem is not dle cause for the absence of Sn al MAQI for this event.

AddltionaI support for the eastward extension of the zone of inefficient preparation cm k acen

with event 91.242,14.30.58 (Figures 7 :uld 11a). At distances Icss than 300 km Cmsmi stla energy is

present on the seismograms (USHU, MAQ1) however. beyond 300 km SI1is nonexistcnLThis would

suggest timt event 91.242.14.30.58 (@we ‘7) is being effected in a manner similar to event

91.222.20.21.24 (Figure 5) md that this evenl is likely within a zone in which Sn energy is not gen-

erated or quickly attenuated (Figure 11:1). The western bmmti~ can IISO be verified and map~d in

more detail with our data set. For example, note the complete absence of Sn in event 92.096.07.47.27

(Figure 8) from the western Tibetan Plateau. The fact dmt station GANZ. SANG and LHSA have no

aPP~ent Sn indlca[cs ~I:It file zOne Of i!leffici~tlt Sn prOp:@On m~Y extend f~ler tO flle west dMn

.
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previously suggested.

Sn propagation from outside the Tihetari Plateau. We have included addltionaf events, with

source locations outside of the pkdcau m ndd Iurtber constraints to tile spatial distribution of Sn props.

gation. The most si~nificant obscrvfition from tJ1isdam set is that the southern bamdary of the TIbetmt

PIatcau has little to no effect on the propagation of Sn. Event 91.341.13.57.39, from ducctfy soutft of

the plateau (FIgurcs 9 and 1Ia) demonstmes thiu tlle Him~laya mountain range dries not adversely

affect Sn propagation. Sn clearly arrives at all skdions in the southern pnrtion of the army but is absent

from stations to the nonh. Ag,ain a rapid energy decrease occurs m Sn propagates frnm WNDO to

ERDO and from USHU to MAQI. The s.mne propayaion characteristics are obsctvcd for eveat

92.095.17.42.50 (Figure 6) imd c,an be used 10 :idd constraints to the southern and eastern bntmdaries clf

inefficient Sn propagation.

Event 92.024 .05.C6,18, from the west in Pakistmt fF@mes 10 and I la), can be used in conjunc-

tion witi event 92.096.07.47.27 (F&ure 8) to help better define the western bnundary of Sn attenuation.

Note the strong Sn .amivaf m XIGA and its absence :a AMDO (13gure 10). This observation prnvides

evidence for the western bound,ary of the zone of poor Sn propagation. It caanot extend past the path

from event 91.024.05.06.18 to the smtion XIGA (Figure 11a). It appears that S energy cresses through

the nortl-centrsl plateau since an amival is apparent at the station USHU. TM is likely not Sn since the

epicetmal distance is beyond 18C0 h. Instead this is sbe.ar energy that travels deeper in the mantle

than Sn and qparendy propagates more cfficicndy bcneaLh UK nonh-cen!ni potion of the pfatcau. This

would suggest that the mechanism effccling the props.$ytion of Sn is contained widtin the upper portion

of the mantie.

Due to our stmion coverage, we are not able to add constraints to the northern boundary of the Sn

attenuation zone. We support the idea tltnt it ii likely coincident with the Kunhm front ss previously

suggested by NI and B,wazm:i (1983) (Figure 1I). The remaining three Imuttdnries can be redcawa

based on our new obsc!w[ions M shown in Fi:’m! 11a and h. Our dma su:gests that the entire northern

portion of the Tibetan Pkderat ammumes SI1radlcr !J.m just the smiler zone in the nocdt+entmf pnrdon

of the plateau m previously sug~es[ed by NI m,i B.mwmtgi (1983).

.
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Upper mantle structure beneatb the Tibetan Plateau. Regional Pn and Sn velocities me corn.

monly used to dctsrmine the nature of the uppmmost mantfe. Tbesc velocities vary grwfy between

stable shield regions and !Aose lhat are tectonicallyy active. For example, Pn and Sn propagate with

velocities of 8.4 and 4.5 km/s respectively, bencmh the Indian .$bield (NI and B,anzangi, 1983). Rela-

tively lower Pn and Sn velocities are typicaf of regions of high heat flow and active tectonics. Pn velo-

city mmsured in tie tectonically active Bmin and Range Province is as low as 7.8 knds and Sn has

been shown not tn propagate (Beghoul et al., 1993; Benz et al., 1990). Based on tiis information f%

and Sn have been used tn attempt to distinguish between the two basic theories describing Lbemechan-

ism of uplif[ of UN T&auI Plateau. If India has underthrust the Thetan Plateau, then the manffe

bcneafh the plateau should ctosely resemble the structure beneath the Indian Shield. Our Pn and Sn

velocities bcneafb the plafcau, fafl within the middle of the velocities expected for the two end member

mndels. MoInar (1988) argued fl]at an increase in pressure within the upper mantle of the llbcum Pfa-

tcau due to an annm~lousl y fhick overtying crest could increase the Pn velncity by as much as 0.15

km-k.. If this correction were applied to our Pn velncity, it would decrease to less dmn 8.0 Ian/s. ?his iis

a vafue more typical of a fcctonically active reginn and well below a F%velncity expected if the Ind~n

Shield is undefthmst bcneafb the Thetim PINeau. An additional correction could be applied to our RI

velncity to comcct for a velncity gradtent in the mantle-lid. The effect of comecting for a positive grs-

dlent would also result in the reduction of’ the average PII velocity (Zlmo and Xie, 1993).

The norfb-centrd Thetan Plateau is particularly interesting because of the large anmunt of

seismic data that can & interpreted as evidence for high temperatures in the upper manffe. For exam-

pte, previous studies have rcpocfed observ:![iom of larg~ teleseismic S-P Invet time residuals (Molnar

and Chen, 1984; Moltmr, 1990), slow Raylcigb phase velocities (13randon and Romanowic~ 1986). and

I.arge wdues of she,ar wave splitting fMcNamma et al., 1994). Each observation. in addition to Uhe

inefficient Sn prop~gation, is in support of anomalous heal production in the nortbem portion of the pla-

teau. The seismic evidence is also supporled by surfnce geologic observation. 10 the nonhero T&tan

Plateau there is strong evidence for widespre:id Cenozoic volcanism with both basaltic and granitic

.
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components (Deng, 1978; Dewey et af., 1988; Moln.ar, 1988)

canic sources are from partial melt of upper mantle mmrial.

The basaftic compaction suggests vol-

Tbe region of inefficient Sn propagation reported here expands the zone previously refmrtcd by Ni

and Bamzangi (1983) since we have more accwatel y defined its boundaries with our numerous acfdl-

fionaf propagation path. More specifically, we suggest that the poor Sn zone be extended to inchrd{s

the entire northern portion of [he TIbcLm Plateau (F@e 1lb). Previous studies have shown that Pn

velocity in the northern plalcau is slow relative to the SOU!JI(Hoh and Wafface, 1990, Zbao and Xi+

1993). Low f% velocity coincident with the zone of Sn attenuation would not be surprising and we

plan to add further constraints to this idea wilh 1% tomography using our pure-path data set. We have

observed large residcanfswithin our Pmtravel time dam set despite relocations of Tibetan Plateau event$.

We expect that the remaining residuafs ,are likely do to lateral heterogeneity wirfdn the matrtfe-fid of the

plateau.

Conclusions

We have developed improved conshaints on regionaf seismic wave propagation within rlre

‘fNxrm Plateau. The new areaf and dlSLlnCecoverage provided by our temporary deployment affows UIS

to analyze a i.arge number of prop~@on paths confined to the plaktms interior for the first time. Using

these data, we have determined an aver:lge Pn velocity for the plateau of 8. MO.14 kcnk. This vehxit y

appeara somewhat higher thin other tectonically active regions, but is in the lower raccgeof T&@ir Pfa.

teau Pn velecicies. If pressure and velocity gmdient corrections wecc applied. the f% velocity would be

comparable to tectonically active areas with normal cmsral thickness. By utilizing a resrncced distanc:e

range and paths confined entirely to the plateau. we have determined an average Pn velocity appropriate

for the uppermost m,amle bmeafll the interior o(”the pla(enu. Despite the path restrictions and attempts

to improve event Iocxions. tile scatter of Pn uavel times remoins I<qe, indicating velocity heten3-

geneity within the plmew Further ch.zmc[erization of this heterogeneity may be possible thtuuf:h

tomographic analysis of our Pn tmvei-times as well as waveform medeling of individual station-event

pdlfls.

—.. — —.
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The Sn velocity estiiate determined in this study is also high relative 10 other tectunicafly active

regions, but is biased by the Imk of measurable Sn arrivals. The Sn phase is severely attenuated

throughout the entire nonhero plateau, extending a zone of inefficient Sn propagation previously

identified in the north-central plateau (B,m-az.angiand Ni, 1982; NI aad Bmazaagi, 1983). Observations

of cmstal shear waves and shear waves at greater dkmces propagating through this zone suggesLs thalt

the mechanism irnpedlng Sn propagation is confined to the uppmnost mantle wilhin the northern pla..

teau,
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F@tre Captions

Figure 1. T&tan Plateau experiment bme map showing recording stations and the distribution

of 53 T&tan Plateau regional events recordcct during IJICone yeas of deploymerw Addhiomd events,,

outside of the 4000m contour, me shown m demonstrate Sn propagation across rfre frmmdaries of the

plateau. Regional stmcturid trends are mken from Dewey et al, (1988). Evenrs referenced in the texI.

are labeled with their event identifier using the nntation of Owens et al., (1993b).

Figure 2. (a) Travel time pick-s for 1090 first amivafs, from 183 events, at regional distances to tit:

army. This data se: includes event/station paths that cross the plateau bcnmdaries. A reference velo..

city of 8.1 ldsec is shown m hlghligbt the Pg-Pn moss over distatsce (-270 km) and the dktancc

where Pn is no longer the first anival (- 1800 km). (b) Travel time picks for first arrivals from everm

within the Tbamr Plateau. This dam set is restricted to eventfstition padrs confined to the Th3an

Plateau. Pn velocities of 8.08KL15 lards and 8. 10+O.14 lank were computed by fitting a line to 263

I% arrivals beyond the cross over dismnce using both L1 and L2 fitting techniques, respxtively. (b)

Arrival time residuals relative to the LI fit of 8.1 kmkec for the pure path plateau data wt.

Figure 3. Pn travel times for 16 relocated rc:[onal events witbbr the T&am Plateau. (a) Travel tie

data and velocity fits before relocation. Pn velocities of 8. 14M3.15 kds arrd 8.08N. 18 kmfs were

computed using bntb L 1 and L2 fitting techniques. respectively. (b) Travel time data arrd velncity EM

after event relocation. Pn velocities of 8. 18f0. 15 km/s and 8.11+0.14 kmfs were computed using hnth

LI and L2 fitting techniques. respectively. (CI Residuals for data kfore rebcation. (d) Residuals for

data after relncmion.

- Figure 4. Sn propagation Cb:tr2~[@SLlCSmmss the plamau. The shaded region in the nOfi-ten@

plateau is a previously identified region of ircfficicnt Sn prorogation (Bar.=mgi and NI, 1982). (a)

Map of patis where Sn is not observed. (h) hfnp of paths where Sn in observed.

Figure 5. Cenwd plateau local event rccmd seclions (9 1.222.’20.21.24), BotJ the radIat and omgen-

tkd componeurs of motion are showo Imnd poss til[cred (1-5 Hz) to simulate a short perind instru-
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ment. Dmhed fines show the pi-edictcd arrival times of Prr (8.1 kmfs.), Sn (4.6 ktnls) and Lg (3.5

Ian/s).

Figure 6. Southern plateau Incal event record sections (92.095.17.42.50). Display parameters are the

same as Figure 5.

Figure 7. Regional event record sectinns from east of the TIMatI Plateau (91.242.14.30.58). Display

parameters are the same as F@c 5.

Figure 8. RegionaJ event record sections from the northwestern TIbclan Plateau (92.096.07.47.27).

Dkplay parameters are the same ‘asFigure 5 except for LHSA. Data at LHSA was recorded continu-

ously at a slower sampling rate of 5 samplesfs. Both the radial and tangential components of motion

are shown h@r pass filtered with a comer frequency of 1 Hz.

Figure 9. Regional record sections from a Burmese event. seudrea.st of the Tibetan Plateau

(91.34 1,13.57.39). Display p,ammetcrs are tie wrre as Figure 5.

Figure 10. Regional event record section from Pakistan, west of Ihe TRXXM Pfateau

(92.024.05 .C6.18). Dashed lines show the predicted anivaf times of Pn, Sn and Lg.

Figure 11. (a) Examples of Sn propagation frcm 6 separate events. Solid lines show padrs where Sn

is observed. Dashed fines show paths where SrI is not observed. (b) The extended zone of inefficient

Sn propagating. determined from our new da[a sec is shown as the shaded region in the nnrdrem pla-

teau. Also shown are regional events used in tile study (stars) and the simplified regional structure

(solid lines) (after Dewey et af., 1988).



Table 1

Thetm Pkm!au Seismic Experiment
(Station Lncations)

Sdation Lwi[ude Lnngitude Elevation
(“N) (“E) (me[ers)

AMDO 32.’247 91.688 4712
BUDO 35.529 93.910 4660
ERDO 34.520 92.707 4623
GANZ 29.767 94.050 3150
LHSA 29.702 91.128 37(XI
SANG 31.024 91.700 4740
TUNL 36.199 94.815 3133
WNoo 33.448 91.904 4865
XIGA 29.233 88.851 3865
MAQI 34.478 100.249 3823
USHIJ 33.011 97.015 3727

—



Table 2. Tketan Plateau Events
Event IDt Orisin Time Latitude Longitude Demh Mb #stations

91.199.13.23,31
91.201,18.52.05
91.204.16.50.24
91.205.06.06.43
91.206,01.52.18
91.209,23.57.54
91.210.15.47.13
91.211.22.21.39
91.222.20.21.24
91.239,05.14.10
91.242.14.30.58
91.270,07.39.55
91.270.11.55.24
91.270.23.29,56
91,323.01.03.09
91.325.13.36.25
91.328.07.34,25
91.329.10.07.40
91.330,21,15,51
91.336.19.44,36
91.348.08.19.24
91.349.15.58.26
91.351.20.26,50
91.355.19.52.42
91.357.01.57,23
91.358.21.26.32
91.365.21.13.33
92.C02.02.34,36
92.007.16.23.40
92.008.17.40.21
92.023,10.25.28
92.034.15.43.19
92.037,03.34.31
92.(MO.12.44.12
92.040.14.36.56
92.055,02.15.19
92.067.22.40.50
92.076.01.18.29
92.084.19.32.48
92.090.18.27.39
92.092.20.54.29
92.095.17.42.50
92.096.07.47.27
92.096.11.08.11
92.10403.46.58
92.109.18.19.52
92.119.01.36.25
92.130.07.23.48
92.139.1955.16
92.143.05.46.46
92.173.08.07.07

YRDA?HI{M%ISS.1 (“N)

91199132459.9
91201190230.6
91204165154.0
91205050644.5
91206015245.2
91209235820.2
91210154808.8
91211222205.9
91222202151.7
91239051432.3
91242143212.8
91270073955.3
91270115640.8
9!270233121.4
91323010418.0
91325133742.1
91328073526.6
91329100839.0
91330211559.9
91336194536.6
91348082023.8
91349155932.8
91351202749.6
9[355195245.5
91357015825.1
91358212752.1
91365211418.5
92002023537.2
92C07162309.9
92008174141.5
92023102626.7
92034154422.6
92037033515.3
92040124452.7
92040143734.7
92065021417.6
92067224150.8
92076011855.9
92084193210.3
92090183006.6
92092205403.7
92095174320.7
92096074747.6
92096110923.1
92 I(!-4034751.()
9210918 i929.2
92119013628.9
921300723448
92139195538.8
92143054731.5
92173080746.5

313.363
33.326
30.269
3’3.302
3’3.317
30.329
30.269
30.385
33.910
34.249
3-$.449
34.645
29.911
32.444
32.484
33.714
33.980
34,017
?4.073
22.090
?3.976
>9.970
33.990
?7.90-$
33.917
30.003
30.657
33,990
30.118
30.137
34.566
:34.496
‘29.610
29.627
:29.660
35.625

19.442

34.343

31.545
31.929

31.964
28.147
35.696

35.665
31.958
36.155
32.145

34.503

34.858
30.748

30.428

(;E) (I&l)

3394.870
94.838
94.820
94.785
94.791
94.793
94.793
94.795
92.158
92.161
97.309
98.874
90.423
93.354
93.593
90.337
88.646
88.832
94,247
94.694
88.840
93,928
88.904
88.139
S8.863
92.544
99.571
88.859
99.537
92.449
93.164
93.147
95.521
95.646
95.607
80.585
89.370
86.288
81.540
94..465
33.754
87.979
80,661
80.599
88.339
92,538

8s.066
84.774
86.331
99.685
89.394

24
33
33
33
33
33
33
10
33
33
33
33
33
33
33
33
33
33
46
33
33
33
57
33
33
33
33
36
33
33
10
15
10
10
36

113
33
16
33
52
33
18
33
33
10
33
10
33
33
28

5.0
4.8
4,7
4.8
4.8
4.9
4.7
4.8
4.7
3.4
4.3
4,7
3.7
4.3
4.9
4.3
4.7
4.4
4.3
4,4
5. I
4.8
4.6
4.9
5.2
4.4
4.5
4.8
4.8
4.0
5.2
4.7
5.6
5.1
4.8
4,7
4.3
4.7
4.8
3,9
4.1
4.9
5.5
4.0
46
4.1
3.8
4,6
4.1
4.6
4.2

—.

9
9
9
7

8
9
8

11
9
8
7
5
8

10
9
8
9

10
9
8
9
9
9
8
6
8
9
8
5
5
6
6
6
2
3
5
6
3
9
3
9
9
2
9
9
4
3
6
6
2
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92.179.02.14.16 92179021318.3 35.148 81.079 33 4.5 4

92.179.13.22.17 92179132120.9 35.139 81.131 33 5.0 4

t based on the no~tion of Owens et al (1993b).

.



Table 3. Regional Events off the Tibe&anPla[eau

Event lDT Origin T]me Latilude Longitude Depti Mb #stations
YRDAYHIIMMSS.[ (“N) (“E) (Km)

91.193.21.55.49 9 11932206C43.2 39.421 94.832 16 4.8 4
91.199 .09.53.s5
91.199.15.27.32
91.199.17.44.50
91.201 .18.52fX3
91,20-+.13.29.37
91.210,03,18.45
91.215.08.38.02
91.216.12.42.55
91.218 .02.21.2.!
91.220.11.15.33
91.231,06.07.09
91.234.03.53.11
91.234.21.26.07
91.235.07.39.13
91.236,17.46.43
91.237,05.04.30
91.238.20,45.55
91.238.20.54.25
91.245.11.05.48
91.247.08.35.12
91.247.22.31.26
91.250.03.00.10
91.251.23.53.44
91.252.21,54.32
91.255.00.45.09
91.255.23.05.10
91.257.13.17.47
91.258.00.23.59
91.258.02.15.33
91.260.18.53.51
91.262.04.23.29
91.263 .0 Y41.20
91.263.11.15.36
91.265.05,45.35
91.273.09.47.58
91.273.16.33.41
91.273.18.35.45
91.274.20.33.26
91.279,10.58.20
91.279.12.16.45
91.285 .05.12.CC
91.285.12.23.03
91.288.19.11.31
91.292,21.2$.$7
91.293.05.34.33
91.296.20.41.02
91.298. 14.-M(M
91.304.IJ2.31. 1,!
9 I .307.00 .03.04
91.312.15.16.59

91199095036.7
91199152405.1
91199174543.5
91201185223.9
91204132547.3
91210032015.6
91215083317.1
91216123824.5
91218021731.6
91220111238.4
91231 C60551.3
91234035341.1
91234211504.5
91235073625.8
91236174523.3
91237050059.8
91238204231.8
91238205423.0
91245110550.4
91247083233.5
91247222721.7
91250030024.3
91251235441.5
91252215450.5
91255033330.7
91255230630.1
91257131639.7
91258C02050.3
91258021224.9
91260185322.2
91262042356.7
91263093742.5
91263111611.5
91265054227.8
91273094W2. I
91273163306.2
91273183544.2
91274203020.0
91279105W4.4
!)1279121812.0
91285050836.3
91285122347.2
91288191100.9
91292212314.3
91293053226.8
91296203709.1
91298144039.8
91304022902.5
9 1307CK30225.9
913121513441

8.224
8.439

30.362
30.298

3.775
30.29$1
29.330
:23.888

3.827
26.879
46.944
:25.030
35.771
36.155
38.441

5.649
6.!)37
6.882

37.4-40
10.746
15.2(!4
24.252
36.626
28.879
54.905
29.698
40.171
30.617
30.724
43.141
26.323
44.832
36.191
30.165
22.535
37.766
~~,7~8

35.705
21.3$4
37.677
~~,798

37,791
30.565
30.780
30.790
20.836
23.7!%?
40. l-lx
28.365
26.323

94.112
9.(.629
94.667
94.741
95,932
94.765

129.081
95859
95.374
65.848
85.302
91.330

114.364
68.802
75,213
94.116
94.531
94.609
95.402
92,843

120.404
93.976
98.553
94.937

111.112
95.688

105.W6
66.735
66.763
87.968
92.211
90.33’2

100.C63
67.799

12I.479
101.323
94,416
65.512

IW.231
101.437
121.536
101.176
79.311
78.774
78,686

122.f58
122.952
72,841

103.984
70.!5437

27
16
33
33
47
33
17
43
18
53
30
33
23
33
33
44
26
22
10
33
21
33
23
33
25
34
25
33
26
22
33
33
13
10
24
20
75
12
10
10
8

36
33
10
27
’29
27
21
33
22

5.4
5.1
4.2
4.5
5.8
4.6
5.5
4.7
6.0
5.3
5.5
4,7
5.2
4,9
4.7
5.2
5.4
5.8
5.5
5.1
5.6
4,9
4.8
4.8
5.1
4.6
5.1
4.8
4.6
4.8
4.7
4.8
5.5
4.9
5.5
5.3
4.7
5.3
4.5
4.1
5.1
4.3
4.5
6.5
4.9
.$.4
5.2
5.2
4.5
5.6

5
1
6
7
8
5
2
8
6

10
8
9
1
5
4
7
9
8

11
8
3
7
8

11
3
7

10
5
5
4
6
2

10
1
7

11
10
10
3
3
3
5
2

11
2
2
3

10
2

11



91.319.19.56.36
91,320,12.17.40
91.330.15.30.17
91.337.13.19.49
91.338.03.27.07
91.339.15.51.42
91.341.13.57.39
91.341.14.26,09
91,343.01.03.52
91.351.23.51.10
91.353.18,59,32
91.354.02.05.53
91.357.02.14.54
91.359.12.16.26
91,360.13.26.42
91.361.09,11.27
91,362.09.14.39
92.004.03.37.35
92.005.17,23,27
92.CK35.17,30.Ci3
92.011,06.19.51
92.012.00.11.55
92.013.18.36.22
92,020.09.01.16
92.021.22,10.43
92.022.21.43.49
92.024.05.06.18
92.025.15,16,29
92.030.05.25.29
92.036.11.04.57
92.036,19.42.54
92.036.23.13.35
92.036,23.43.40
92,041.12.42.34
92.(345,08,21.20
92.054.20.07.30
92.067.06.31.49
92.069.17.02.51
92.075,01.05.37
92.077.02,17,41
92.079,06.38.32
92.082.01 .51.IXI
92.084.21.34.01
92.085.17.19.11
92.087.10.41.40
92.088.10.20.59
92.090.19.22.19
92.092.13.40.48
92.097.19.49.55
92.103 .18.41.lS
92.110.18,35.29
92.111.18.49,38
92.li4,12.25.22
92.114 .14.19.IXI

91319195343.5
91320121422.5
91330153114.7
91337131644. I
91338032724,2
91339154820.7
91341135740.6
91341142232.2
91343010246,5
91351234954.5
91353185517,4
91354020605.3
91357021454,5
91359121322.3
91360132417.7
91361090937.5
91362090703.3
92004033521.6
92005171421.0
920i)5 172319.8
92011 C61655,9
92012001227.1
92013183632.1
92020i385822.5
92021220758.9
92022214125.9
92024050447.3
92025151231,9
9203@352201,4
92036105713.0
92036193629.8
92036231048.6
92036234136,8
92041123857.1
92045081825,7
920542CC625.2
92067052855.3
92069165928.6
92075010127.1
92077021449.6
92079063425.8
92082014755.0
92084210147.5
92085171537,6
92087103930,6
92088101741.8
92090191934.8
92092134103.9
92097194911.3
921031837 I6.5
921 10183219.()
92111185028.3
92114122117.2
92114141835.1

-2-

29.696
37.660
33.919
9.095

24.015
22.544
24.059
25.191
29,543
44.333
28.102
24.720
33.966
10,607
30.837
51.019
51.096
31.954
40.873
41.583

9.311
39.671
24.439
27.398
26.632
35.351
35.515
26.070
24.958
50.260
31.513
31.426
31.365
21.173
53.897
41.556
40.075
27.424
23.548

9.216
17.155
10.553
33.832
24.455
35.997
26.582
33,855
27.392
44427
29.515
23.861
27.256
29.429
22.437

69.134
66,469
88.746
92.470
93.986

121,450
93.913
62.974
81.632
83.727
57.3@4
93,103
88.942
93.906
99,532
98.150
98.051
69.991
71.172
71.556
86.964
98.3(20
92.557
65.994
67.198

I21.109
74.529
98.668
63.141

100.168
67.038
66.825
66.858

121.901
108.866
81.267
71.685
66.C44

123.562
92.833

120.827
93.904
72.905

123.318
72.548
67.303
71.374
S7.C65

101.792
131.396
121.594
92.077

131.3M
98.9C4

— .—.

19
33
33
37
72
17
69
30
29
17
27
41
33
40
33
14
17
29
16
33
22
22
33
27
26
33
47
33
29
45
33
18
33
22
21
33
25
19
31
67
15
33
14
78.
35
10
55
33
33
39

16
33
JO
12

4.6
4.8
4.1
4.7
4.9
4.6
5.1
5.2
5.6
4.9
5.3
5.3
5.0
4.7
4,1
5.8
5.0
5.0
5.0
4,4
5.7
5.4
4.5
5.2
5.4
5.1
5.4
4.7
5.5
4,4
4.4
5.1
5.0
5.0
5.3
4.7
4.9
4.9
5,7

4,8
5.7
4.9
5.0
5.4
4,9
4.9
4,4
4.3
4.7
5.6
5.8
4.6
5.8
5.8

——

6
3
8
4

11
3

11
4

11
5
3

10
9
6
5

10
5
9
2
2
8
6
5
7
8
6
6

3

6
4
2
3

3
7
8
8
.$
5
9
3
7
6

4
2

7
1

10



,,.

92.114,15.33,13
92.114,17.20,05
92.114,18.24.18
92.115.07.10.45
92.115.12.04,17
92,119.21.08.48
92.122,08.10,36
92.125.10.57.33
92.131.34.06.36
92.132.11.21.35
92.136.08.10.26
92.137.08,34,31
92,137.20,20.20
92.141,12.22.51
92.142.05 .CO.01
92.146.05,10,38
92.147.19,00.39
92,154.22.08,09
92.155.01.59,24
92.155.02,41.37
92.157.00.26.01
92.162.13.41.31
92.165.16.56.33
92.167.02.49.28
92.173.11.11,02

92114153249.1
92114171502,7
92114181811,6
92115070723.9
92115114912.3
92119210303,6
92122080945.0
92125105422.2
9213 lfk10432.9
92132112341.4
92136080802.9
92137083257.7
92137201952.9
92141122032.8
92142LM5957,5
92146050813.1
92147185654.8
92154220745.3
92155015513,3
92155024236.6
92157C02343,7
92162134124.9
92165165507.7
92167024856.2
92173111939,7

-3-

22.418
22,309
22.303
27,550
23.768
22,430
19.583
29.882
37.207
36.794
41.019
23.262
36.080
33.377
41,604
36.701
2O.1OO
28.984
28.083
33.905
33.241
25,660
39.845
24.027
38.307

98.852
98.856
98,997
66.C65

121.660
98.935
94.419
67.550
72.913
73.487
72.429
99.939
99.869
71.317
88.813
7 1.M6

121.396
81.913

128.094
88.893
71.228
96.758
77.828
95,932

10
33
33
25
18
33
55
10
33
33
50
33
17
16
m
48
53
56
56
10
33
33
35
17

5.9
4.7
4.8
5.9
4.7
4,6
4.6
4.9
5.6
4.7
5.7
4,6
5.0
6.0
6.5
4.9
4.9
5.2
4,9
4.6
4.9
4.7
4,7
5.8

10
8
7
9
2
3
4
5
9
2
6
2
8
9
8
6
1
9
1
7
6
5
3
5

99.423 20 4,8 3

t based on !he notation of Owens et al (1993b),
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