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The fundamental-modeLove and Rayleighwavesgeneratedby 57 earthquakeswhich occurredin the north and
central Indian Ocean(extendingto 40°S)and recordedat Indian seismographand otherWWSSN stations suchas
HOW, SHL, VIS, MDR, HYB, KOD, CHG, TRD, P00, BOM, GOA, NDI, NIL and QUE areanalysed.Love and
Rayleighwaveattenuationcoefficientsareestimatedatperiodsof 15—100s usingthespectralamplitudeof thesewaves
for 98 different pathsacrossthe Bay of BengalFan, the Arabian Fan, and thenorth and central Indian Ocean.The
largestandarddeviationsobservedin thesurfacewave attenuationcoefficientsmaybe a resultof regional variation of
theattenuativepropertiesof thecrust andupper mantlebeneaththeseregions.Love wave attenuationcoefficientsare
found to vary from 0.00003 to 0.000 45 km for the Bay of BengalFan; from 0.000 03 to 0.000 85 km ‘for the
Arabian Fan; and from 0.00003to 0.000 35 km’ for the north andcentral Indian Ocean. Similarly, Rayleighwave
attenuationcoefficientsvary from 0.000 03 to 0.0004km -- for theBay of BengalFan; from 0.000 06 to 0.0007 km —‘

for theArabian Fan; and from0.00003 to 0.0007 km for thenorthand centralIndian Ocean.BackusandGilbert
inversion theory is applied to thesesurface wave attenuationdata to obtain averageQ — models for thecrust and
upper mantlebeneaththe Bay of Bengal, theArabian Fan, andthenorthandcentral Indian Ocean.Inversionof Love
andRayleighwave attenuationdatashows a high-attenuationzonecentredata depthof > 120 km (Q~ 125) for the
Bay of BengalFan. Similarly, a high-attenuationzone (Q~ 40—70) occursat a depthof 60—160 km for the Arabian
Fan at 100—160 km (Q~ 115) for the Indian Oceanoff NinetyeastRidge,andat 80—160 km (Q15 80) for the Indian
Oceanacrossthe NinetyeastRidge. The ~ models show a lithospherethicknessof 120 km beneaththe Bay of
BengalFan.Similarly, lithospherethicknessof 70, 100 and80 km is estimatedbeneaththeArabian Fan,andtheIndian
Oceanoff NinetyeastRidgeand acrossNinetyeastRidge, respectively.Thebaseof thelithosphereis identifiedas the
depthatwhich thereis a significant increasein the Q~value, which attainsits maximumvalue in the asthenosphere.
The thinningof IndianlithospherebeneaththeArabian Fan suggestshigh temperaturebelowMoho depth(60 km from
surface)which hascauseda high-attenuationzoneat this shallow depth.

I. Infroduction melting, mappingof the Q-structurebeneathvari-
ous geological environmentsis a useful tool to

The Indian Oceanis one of the largestoceans delineatethelithosphere—asthenosphereboundary,
in the world. In comparisonwith other oceans which gives an importantconstraintfor study of
very few geophysicalstudieshavebeenmadefor the mechanismof the intrusion process.The spa-
it, and it is of interest to discover the material tial variation of attenuationbeneatha ridge axis
condition existing in different parts of Indian or near spreadingcentreswill give an important
Ocean by studying the regional variation of at- constrainton the crustanduppermantletempera-
tenuation,Q. As seismicwave attenuationis more ture conditions and the processof lithosphere
sensitive to variation in temperatureand partial generation.High attenuationis associatedwith a
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partial melting zone, and a very low Q value prove our knowledgeof the tectonic processand
correspondsto a region in which the melt phase temperatureconditions prevailing under the In-
occupiesmost of the volume. However, surface dian Ocean, which will further shed light on its
wave attenuation measurementsare subject to evolutionandtectonics.
larger uncertaintiesthan are velocity measure-
ments,including variationof amplitudeasa result
of sourcegeometry,departuresfrom ideal instru- 2. Data analysis
mental effect, various propagationeffectswhich
include interferencebetween modes and mode The details of the earthquakesare listed in
conversion,lateral refraction(McGarr, 1969) and Table 1. The earthquakeparametershave been
multi-pathing (Capon,1971) at the ocean—conti- taken from either International Seismological
nent margins. The effect of source geometry is Centre (ISC) bulletins or National Oceanicand
removedby consideringthe fault plane orienta- Atmospheric Administration (NOAA) tape file.
tions availablein theseregions,and othersources The various wave propagationpaths across the
of error are assumedto affect the observed at- Bay of Bengal,ArabianFan,andnorth andcentral
tenuationdatain a randomway. In that case,they Indian Oceanare shownin Fig. 1 and arelisted in
would be reflectedin the confidencelimits for the Table 2. The fundamental-modeLove and
observationsbut would not systematicallyaffect Rayleigh waves recordedat various Indian Seis-
the observations.In certain cases,however,these mograph and other WWSSN stations such as
factors may also causeour observedattenuation HOW, SHL, VIS, MDR, HYB, KOD, CHG,TRD,
values to be systematicallyhigh or low without P00, BOM, GOA, NDI, NIL and QUE are
affecting their confidencelimits. Such a situation analysed.Someof the signalsused in the present
canbe improved by consideringa largenumberof studyare shownin Fig. 2. The fundamental-mode
data sets for the samepath. Mitchell (1975) ob- surfacewaves are digitized at an irregular time
served systematicallylow attenuationcoefficients interval usinga digitizer andthey are interpolated
at certain periodswhich were associatedwith re- at a time interval of 0.25 s using the Lagrangian
gional variationsin the anelasticpropertiesof the interpolation method. The long-period vertical
crust of North America. We haveanalysedthe componentrecord is used in generalfor Rayleigh
fundamental-modeLove and Rayleighwavesgen- waves.However, someIndian seismicstationssuch
cratedby 57 earthquakeswhich occurredin the as TRD, VIS, BOM and GOA have an inter-
north and central Indian Ocean (extending to mediateperiod(7’~= 8 or 12 s) horizontalcompo-
40°S)and recordedat the easternand western nentonly. In that case,the horizontalcomponent
margins of the Indian subcontinent by Indian record has beenusedfor the Rayleighwave. The
Seismograph and other World Wide Standard north—southor east—westhorizontal component
SeismographNetwork (WWSSN) stationssuch as which lies approximatelyperpendicularto thewave
Howrah (HOW), Shillong (SHL), Vishakhaptnam propagation path has been used for the Love
(VIS), Madras (MDR), Hyderabad (HYB), wave. The linear trend and the arithmetic mean
Kodaikanal (KOD), Chiengmai (CHG), Tn- are removedfrom the digitized data.The dataare
vandrum(TRD), Poona(P00), Bombay(BOM), tapered at both ends, and are then Fourier
Goa(GOA), New Delhi (NDI), Nillore (NIL) and analysedusing the FFT method to obtain the
Quetta(QUE). Love and Rayleighwave attenua- spectralamplitudes.Thesespectral dataare cor-
tion coefficientsare estimatedat periodsof 15—100 rectedfor the differencein seismic momentvalue
s by taking their spectralamplitudes.Backusand for different earthquakes.For this purpose,spec-
Gilbert (1970) inversion theory is applied to ob- tra are normalizedto an earthquakeseismic mo-
tam Q~models for the crust and uppermantle ment of magnitudeM = 5.5. The magnitude—mo-
beneaththe Bay of Bengal, the Arabian Fan, and ment relation given by Singh (1988a) has been
the north and central Indian Oceanfor different used to normalize the seismic moment. Dissipa-
propagationpaths. These studies will help im- tion factor Q ~, values for Love and Rayleigh
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wavesare estimatedusing the method of Burton the standarddeviation of attenuationvalue. The
(1974),with an extensionto the earthquakesource. spectralamplitudesare correctedfor the instru-
In this method, the fault plane solution must be mental effect (Ben-Menahemet al., 1968), the
known.Thesesolutions for the earthquakeslisted amplitudesare then corrected for the radiation
in Table 1 have been taken from Bangharand patternof the source(Ben-Menahemand Hark-
Sykes(1969), Stein (1978),Stein andOkal (1978), rider, 1964), and the valuesof Q~1are estimated
Bergmanand Solomon(1980, 1985), Bergmanet from the logarithmic form of the amplitudeequa-
al. (1984)andSingh(1988a).Theearthquakewhich tion as describedby SinghandGupta(1979).The
lies nearestto the known available focal mecha- pertinentdetails of the earthquakesand various
nism solution has been consideredas the rep- seismic stations usedin this study are shown in
resentativefault planesolution for that particular Fig. 1 for 98 differentpaths.The logarithmicform
earthquake.There are sufficient focal mechanism of the amplitudeequationis expressedas
solutionsavailablein the Indian Oceanto give the A = K( E sin ~ - 1/2 exp(— 7rEI~f/QU) (1)
representative focal mechanism for the 1

earthquakeslistedin Table1. If someerror occurs whereA~is the spectralamplitude at frequencyf
becauseof an incorrectassumptionof earthquake (in Hz), E is the radius of the Earth, ~ is the
focal mechanismsolution, this will be reflectedin distance(in km) from epicentreto the recording
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Fig. 1. Surfacewave attenuationpathsusedin this study. (a)Bay of BengalFan, (b) Arabian Fan, and (c) north andcentral Indian
Ocean.Recordingstationsare indicatedby trianglesand epicentresby circles.
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station, K is a constant, Q is the dissipation attenuationcoefficient valuesare shown in Fig. 4
factorat frequencyf and U is the group velocity anddissipationfactorvaluesarelisted in Table3.
at frequencyf.

The group velocities for the samepropagation
paths and regions havebeen determinedin our 3. Inversion of attenuation data
earlier studies (Brune and Singh, 1986; Singh,
1988b,c). The same velocity models and group The frequency-dependentamplitude decay of
velocity values are consideredfor theseregions. surfacewave datacan be interpretedin terms of
Q~values for Love and Rayleigh waves are anelasticityvs. depth(AndersonandArchambeau,
shown in Fig. 3. After obtainingQ5 values, the 1964).The applicationof surfacewaveattenuation
attenuationcoefficients,y, are estimatedat time studies has a number of advantages.The
periods from 15 to 100 s usingthe relation long-periodsurfacewave reducesthe complexities

of source, instrumentand path differences,and,
= (2) becauseof its longer wavelength, the scattering

and reflectionsare also minimized. Complexities
where T is the time period and U is the group as a result of the presenceof low velocity zones
velocity at T s. The Love and Rayleigh wave are also minimized. In this way, surface wave
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Fig. I (continued).

attenuationstudiescan give a betterestimateof different time periods can be used to obtain
the materialconditionprevailing insidethe earth. Q~(Z)models as a function of depth. Mitchell
The shearwave dissipation,Q~of surfacewaves (1975) modified the relationsgiven by Anderson
overa layeredmediumat a given period is equal et al. (1965) for calculating the attenuationof
to the sumof the dissipationin eachlayer, assum- dispersedsurfacewaves. The attenuationcoeffi-
ing Q2(Z) is smaller (Anderson and cientsfor Love and Rayleighwavesare relatedto
Archambeau,1964).The surfacewave attenuation the dissipationfactorsfor P- andS-wavesandthe
coefficientvaluesandtheir standarddeviationsat partial derivatives of Love and Rayleigh wave
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TABLE I

Parametersof earthquakesusedin thepresentstudy for Love andRayleighwave attenuationstudies

SI. No. Date Origin time Epicentre Magnitude
(UTC) Lat. Long. mh M

(deg) (degE)

(A) Bay of BengalFan
22 Nov. 1963 16:15:54.0 10.4N 94.0 5.7 5.7

2 30 Nov. 1963 21:40:20.3 6.6 N 94.2 5.3 5.3
3 l6Sep. 1964 01:26:26.9 10.9N 93.1 5.7 5.7
4 O4Apr. 1966 02:51:37.6 11.9N 92.5 5.1 5.1
5 O4Sep. 1966 04:37:05.6 12.ON 92.9 5.2 5.2
6 O4Sep. 1966 06:42:12.2 1I.8N 92.5 5.1 5.1
7 26 Apr. 1967 13:11:42.2 01.3 S 89.4 5.0 5.0
8 06 Sep. 1967 07:30:10.8 14.7 N 93.6 5.6 5.6
9 20 Dec. 1967 11:34:25.9 11.8 N 93.0 5.4 5.4

10 06 May 1970 15:21:55.1 9.8 N 92.9 5.3 5.1
11 03 Aug. 1978 01:10:26.3 0.9 5 84.3 5.6 5.5
12 03 Oct. 1979 11:35:12.5 18.1 N 94.8 5.6 4.9
13 28 Jan. 1980 14:46:39.3 3.4 S 88.9 5.4 5.2
14 02 Nov. 1981 21:10:26.8 12.2 N 92.9 5.7 5.5
15 l6Dec. 1982 08:56:35.5 1I.7N 92.9 5.4
16 21 Aug. 1983 12:06:48.0 3.2N 87.5 5.2 —

17 17 Sep. 1983 04:40:36.4 7.9N 93.2 5.3 —

(B) ArabianFan
1 19 Mar. 1964 09:42:36.0 14.4 N 56.4 5.8 —

2 18 Oct. 1964 09:06:26.0 02.9 N 65.7 6.8 —

3 l2Sep. 1965 22:02:34.3 06.5S 70.8 6.2 —

4 05 Oct. 1965 09:44:29.6 09.1 S 67.3 5.1 —

5 27 Mar. 1966 01:40:59.5 14.4 N 56.7 5.1 —

6 30 Mar. 1966 04:18:38.3 21.8 N 62.2 5.5 -.

7 28 Apr. 1966 18:08:55.2 4.2N 62.8 5.0 —

8 l8Jul. 1966 09:59:09.8 13.ON 57.5 5.0 —

9 15 Aug. 1966 10:20:42.8 3.8 N 64.0 5.8 6.2
10 l4Sep. 1966 00:47:05.0 14.5N 56.4 5.0 —

Ii O3Nov. 1966 21:43:10.3 6.6N 60.4 5.1 —

12 25 Dec. 1966 05:42:45.9 14.2 N 53.7 5.2 —

13 l5Oct. 1967 06:36:39.7 14.7N 56.4 5.1 —

14 O8Feb. 1968 12:28:21.0 14.6N 54.0 5.4 —

15 3OAug. 1968 22:02:19.8 14.6N 56.3 5.2 —

16 29 Mar. 1969 13:49:04.0 10.4 N 56.8 5.6 5.6
17 22Apr. 1969 22:34:38.4 12.8N 58.3 5.7 —

18 22Sep. 1969 01:40:20.8 5.6S 68.2 5.1 —

19 14 Dcc. 1969 18:37:09.5 8.2 N 58.5 5.9 —

20 26Mar. 1975 16:19:19.7 19.8N 68.4 5.2 —

21 19May 1975 08:00:00.1 21.1N 61.8 5.0 —

22 O3Jan. 1977 06:15:50.0 6.7N 60.2 5.0 —

23 11 Jan. 1977 14:51:05.9 13.1 N 54.5 5.1 —

24 02 Jan. 1979 19:50:47.4 4.9 N 62.1 5.1 4.7
25 10 Mar. 1979 06:45:09.9 7.5 N 59.7 5.1 —

26 25 Dec. 1979 23:46:32.8 2.7 S 67.9 5.8 5.6
27 26Jan. 1980 01:00:53.1 13.7N 57.1 5.0 —

28 31 Aug. 1980 16:30:54.6 11.3 N 57.5 5.3 4.7
29 11 Dec. 1980 04:44:05.0 1.3N 66.8 5.1 —

30 16 Jul. 1981 09:11:46.4 1.3 S 67.6 5.1 5.1
31 25 Oct. 1982 17:08:28.8 2.9 N 65.9 5.5 5.5
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TABLE 1 (continued)

SI. No. Date Origin time Epicentre Magnitude
(UTC) Lat. Long. ,~h M

(deg) (degE)

(C) North andcentral IndianOcean
19 Dec. 1965 22:06:32.8 32.2 S 78.8 5.5 —

2 11 Nov.1967 18:00:00.7 6.1 S 71.4 5.4 5.7
3 02 Mar.1968 22:02:24.8 6.1 S 71.4 5.5 —

4 25 Oct. 1970 12:00:35.2 13.7 5 66.3 5.6 5.9
5 06 Dec. 1972 05:31:44.8 9.2 S 67.3 5.6
6 08 Jan. 1974 21:47:21.6 39.0 S 46.2 5.9 6.1
7 02 Nov.1976 07:13:15.7 29.3 S 77.7 5.8 6.5
8 22 Nov.1976 04:46:26.0 38.5 S 78.6 5.1
9 19 Feb.1977 07:53:23.6 41.3 S 80.5 5.8 6.0

phasevelocities with respect to the shear and andSingh(1986)andSingh(1988b,c)for the same
compressionalwavevelocities.Theseequationsare propagationpaths and regions as in this study.
expressedas follows: Surfacewave attenuationis moresensitiveto the

shear wave dissipation factor, ~ than to the
N (3Q-1\

YL = ~ compressionalwave dissipation factor, Qa~For
this reason,we haveconsideredQ~1 valuesonly
for the inversionandQa is assumedto be twice asN($aC\ -1

IT

= ~ ~ k2—~~~-~~) Q~1 (3) largeas Q0 at all depths(Andersonet al., 1965).
d TheBackusandGilbert (1970) inversiontheory is

applied to eqns.(3) and(4) in differential inverseN [/ 0Q’\ (aQ1)]

Q~
1+ -

I as discussedby Hwang and Mitchell (1987). TheYR = ~ R ~Q~l) inversion yields a model for Q~(Z)at different

depths,with the resolvingkernels.The selectionof[N (at 8cR) Ql the final model is madeby comparingthe theoreti-
‘IT

T 1=1 CR ~ fd$ cal andobservedattenuationcoefficientsfor Love

andRayleigh waveswhich fit the observedvalues
well for the data for both of the surfacewaves.~ (A 0CR~ Q_1l (4) The standarddeviation of attenuationcoefficient+

t I
/~I CR 013t ‘fda j

and its valuesare important input parametersin
where a is the P-wave velocity, /3 is the S-wave this inversion.Theerrorsin surfacewave attenua-
velocity, CL is the Love wave phasevelocity, CR tion determinationmay be causedby several rca-
is the Rayleigh wave phasevelocity, I is a layer sons, such as the focusing and defocusing of
index, YL is the Lovewaveattenuationcoefficient, surfacewavesfrom lateral variationsin structure,

YR 1S the Rayleigh wave attenuationcoefficient, higher-mode interference of Love wave with
Qa is the P-wave dissipation factor, ~ is the fundamentalmode,geologicalcomplexitiesalong
S-wavedissipation factor. The subscripts 1’, a’ /3 the wave propagationpath and coastlineeffect at
and d refer to the frequency,compressionaland the ocean—continentmargin. Theseerrorscan be
shear wave velocities, and density, respectively, greatly reducedby consideringa larger data set
which are held constant.Partial derivatives of for the samepropagationpath. A largenumberof
Love and Rayleigh wave phase velocities with trial solutions are made for different values of
respectto P- and S-wavevelocities are computed variance.The varianceis an adjustableparameter
(Harkrider, 1968). The velocity models for the and is used to effect a trade-off between the
above calculationhave been taken from Brune resolutionandthestandarddeviationof themodel.



250 DO. SINGH

TABLE 2 TABLE 2 (continued)

Wavepropagationpathsatdifferentseismic stationsfor Love SI. No. Epicentre Seismicstations
and Rayleighwave attenuationstudies__________________________________________________ Lat. Long.

Sl. No. Epicentre Seismicstations (deg) (degE)

Lat. Long. (B) Arabian Fan
(deg) (degE) 30 1.3 S 67.6 P00

31 2.9 N 65.9 TRD
(A) Bay of BengalFan

10.4 N 94.0 HOW (C) North andcentralIndian Ocean
2 6.6 N 94.2 HOW 1 32.2 S 78.8 CHG,P00,NIL
3 10.9 N 93.1 HOW, MDR 2 6.1 S 71.4 NIL, P00
4 11.9 N 92.5 SHL, KOD 3 6.1 S 71.4 CHG,NDI, NIL, P00
5 12.0 N 92.9 KOD, SHL, HOW 4 13.7 S 66.3 CHG
6 11.8 N 92.5 KOD, SHL 5 9.2 5 67.3 P00,QUE, NDI, NIL
7 01.3 S 89.4 KOD, SHL 6 39.0 5 46.2 CHG,NIL, QUE, NDI,
8 14.7 N 93.6 KOD, SHL KOD, P00
9 11.8 N 93.0 SHL 7 29.3 5 77.7 CHG

10 9.8 N 92.9 KOD, SHL 8 38.5 S 78.6 CHG, SHL, KOD, P00
11 0.9 S 84.3 VIS 9 41.3 S 80.5 SHL
12 18.1 N 94.8 HYB
13 3.4S 88.9 HYB
14 12.2 N 92.9 HYB
15 11 7 N 92.9 VIS, HYB A higher variancevalue increasesthe resolution
16 3.2 N 87.5 MDR, HYB but producesa largerstandarddeviationvaluefor
17 7.9 N 93.2 VIS, HYB the model andvice versa.The standarddeviation

of the resulting modelscan thus be improved by
(B) ArabianFan

1 14.4 N 56.4 NDI subdividing the layers of the selected velocity
2 02.9 N 65.7 P00 model.The layer thicknessof the selectedvelocity
3 06.5 S 70.8 P00,NIL model is further subdivided into a number of
4 09.1 S 67.3 P00 layersof 2—5 km thickness,keepingthe samelayer
5 14.4 N 56.7 P00
6 21.8 N 62.2 NDI parametersP- and S-velocitiesanddensity. Figure
7 4.2 N 62.8 P00 5 showsthe modelsresultingfrom theseinversions
8 13.0 N 57.5 P00 and the standarddeviation of the model at each
9 3.8 N 64.0 P00,NDI, QUE, NIL subdivided layer. Thesemodelsgive a fairly good

10 14.5 N 56.4 P00 fit to both Rayleigh and Love wave attenuation
11 6.6 N 60.4 P00
12 14.2 N 53.7 P00 data(Fig. 4).The resolvingkernelsfor theseinver-
13 14.7 N 56.4 P00 sionsare shownin Fig. 6 at a few depthsfor some
14 14.6 N 54.0 NDI, P00 selectedregions.Narrow and sharp peaksat the
15 14.6 N 56.3 P00 appropriatedepth section indicate a high degree
16 10.4N 56.8 QUE,NDI,KOD,P00 of resolution, whereasbroad peaks mean poor
17 12.8 N 58.3 P00,KOD, NDI resolution.The resolving kernelsindicate that the18 5.6 S 68.2 P00
19 8.2 N 58.5 NDI, KOD, NIL resolution is good only up to 100 km depth and
20 19.8 N 68.4 GOA, BOM thendeteriorates.
21 21.1 N 61.8 NDI
22 6.7 N 60.2 BOM, GOA
23 13.1 N 54.5 BOM 4. Discussion
24 4.9 N 62.1 BOM, GOA, P00
25 7.5 N 59.7 BOM, GOA
26 2.7 S 67.9 GOA, TRD, KOD Figure4 shows thelargestandarddeviationfor
27 13.7 N 57.1 TRD surfacewave attenuationcoefficient valueswhich
28 11.3 N 57.5 TRD, GOA maybe a result of the observederror and/or the
29 1.3 N 66.8 KOD presenceof heterogeneitiesin the crust andupper
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I5 AUG. 1966 NDI (Z)

12 SEPT. 1965 NIL (Z)

22 APRIL 1969 QUE (Z)

6 MAY 1970 SHL(Z)
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Fig. 2. Typical seismogramsrecordedatvanousseismicstations.
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TABLE 3

Love and Rayleighwave attenuationdatafor theBay of Bengal, theArabian Fan, and thenorth andcentral Indian Ocean

Time Bay of Bengal ArabianFan, ArabianFan, North andcentralIndian Ocean
period pathsA B, C pathsD E Off Ninetyeast AcrossN,netyeast
(s) Ridge Ridge

Q-l

-1 ~I -1 -, ~I I -I

L R L R L R L R S. K

15 0.0036 0.0046 0.0058 0.0078 0.0058 0.0074 0.0043 0.0067 0.0029 0.0032
20 0.0067 0.0063 0.011 0.0112 0.0106 0.0121 0.0073 0.0072 0.004 0.0042
25 0.004 0.0047 0.0157 0.0158 0.0081 0.0093 0.0086 0.0096 0.0071 0.0047
30 0.004 0.0051 0.0082 0.0141 0.0089 0.0061 0.011 0.0091 0.0031 0.0054
35 0.0043 0.0057 0.0103 0.011 0.0043 0.0061 0.015 0.012 0.0034 0.0016
40 0.0026 0.0029 0.0144 0.011 0.0056 0.0067 0.01 0.012 0.0026 0.0019
45 0.0024 0.0033 0.01 0.011 0.0072 0.0088 0.0125 0.0099 0.0036 0.0028
50 0.0068 0.0037 0.0095 0.011 0.0122 0.0087 0.0136 0.0087 0.0027 0.0037

55 0.0023 0.0021 0.0046 0.0083 0.0076 0.0138 0.015 0.01 0.003 0.0041
60 0.0067 0.0061 0.0084 0.0046 0.0033 0.0099 0.021 0.0152 0.0042 0.0053
65 0.0055 0.0082 0.0073 0.0099 0.0128 0.0099 0.0183 0.0058 0.0055 0.0041
70 0.0099 0.0036 0.0139 0.0089 0.0059 0.0071 0.0148 0.0134 0.0059 0.0053
75 0.0053 0.0038 0.0096 0.0115 0.0053 0.0096 0.0106 0.0057 0.0053 0.0096
80 0.0114 0.0031 0.0137 0.0102 0.0046 0.01 0.0057 0.0041 0.0091 0.0051
85 0.0073 0.0033 0.0133 0.0087 0.0158 0.0173 0.012 0.016 0.0049 0.0053
90 0.0129 0.0034 0.022 0.0138 0.0116 0.0138 0.0129 0.0138 0.0039 0.0057

95 0.0082 0.011 0.0245 0.0133 0.0136 0.0169 0.0082 0.0048 0.0055 0.0048
100 0.0143 0.0089 0.0287 0.0153 0.0187 0.0127 0.0057 0.0051 0.0029 0.0076
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Fig. 3. ObservedLove(a)and Rayleigh(b) wave Q datafor theBay of Bengal,theArabianFan, andthenorthandcentralIndian
Ocean.
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Fig. 3 (continued).

mantle beneaththe Indian Ocean. We have not be becauseof higher temperature.The increasein
considerederrorscausedby reflection andrefrac- hydrostaticpressureasa result of the loadexerted
tion lossesandmodeconversioneffects.As these by a large sedimentarycolunm andthe horizontal
errors are small and systematic,comparedwith stresscausedby the collision of Indian andEura-
the estimatesof standarddeviation for surface sian plateshasgiven rise to adiabaticheatingand
wave attenuationvalues, they can be neglected. increasein temperatureat this depth. In the
Figure 5 shows the Q~1models for the Bay of asthenosphereQ~’values are larger (approxi-
Bengal, the Arabian Fan, and the Indian Ocean mately by a factor of two) than those of the
off NinetyeastRidgeandacrossNinetyeastRidge. lithosphere beneath the Arabian Fan. Litho-
In theArabianFan,pathsA, B andC correspond sphere—asthenosphereboundaryis definedas the
to pureoceanicstructurewith very little continen- depth at which there is a significant increasein
tal structure, whereaspaths D and E are con- Q~1value and this reachesa maximum in the
taminatedby slightly more continentalstructure. asthenosphere.The lithospherethicknessis esti-
In all the Q~1models,we find a higherattenua- matedto be 120 km for the Bay of BengalFan;70
tion zonebelow Moho depth. Q

1~
1modelsin Fig. km for the Arabian Fan; 80 km for the Indian

5 for the Bay of Bengal Fan, the Arabian Fan OceanacrossNinetyeastRidge and 100 km for
sediments,and the Indian Ocean acrossNine- the Indian Oceanoff Ninetyeast Ridge, respec-
tyeast Ridge and off NinetyeastRidge show a tively. The lower lithospheric thickness in the
higherattenuationzonein the asthenospherethan Arabian Fan shows that the regionmay be in the
in the lithosphere.The high attenuatingzonein transition zone betweencontinental and oceanic
the Bay of BengalFan at a depthof 120 km may structure.Indian lithospherehasbecomethin be-



254 DO. SINGH

neath the Arabian Fan. In the upper mantle, Arabian—IndianRidge, which was explainedby
belowMoho (60 km from the surface)thereseems assuminga low subcrustalsubstance,identifiedas
to be high temperature,which hasgiven rise to a asthenosphere,whosetop occursa mere7—9 km
high-attenuationzone. In general,such a zone is beneaththe rift valley. Taylor (1968)conducteda
associatedwith higher temperaturethan the nor- total magneticintensity surveyacross the north
mal valueexpectedat that depth.The subduction Arabian Sea and found two sub-linearmagnetic
of theArabianplatebeneaththe southerncoastof trendsacrossthis region. Heinterpretedthis mag-
Pakistan,as suggestedby Quittmeyerand Kafka netic anomaly as being the result of a linear
(1984), might have increasedthe temperaturebe- tectonic feature which has been subsequently
low Moho depth in this region. Gaynanov(1980) buriedby the greatvolume of sedimentthat forms
found a large negativegravity anomalyover the the Indus Rivercone. Further,Taylor (1968)stated
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Fig. 4. Comparisonof observedattenuationcoefficients(dots),and 95% confidencelimits for (a) Bay of BengalFan, (b) Arabian
Fan,(c) northand centralIndian Ocean,with thetheoreticalvalue(continuousline) correspondingto themodels derivedfrom the
separateinversionof Love and Rayleighwave attenuationdata.
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Fig. 4 (continued).

that this ridge-like featurecould be relatedto the low-velocity zone (LVZ) to be 78 km from the
Murray Ridgeand/or linked to the northernend surface, and high temperature(1100_12000C) is
of the Chagos—LaccadivePlateau. associatedwith this LVZ. Our study also finds

The Q-structurebeneaththe centralIndian Oc- that the high-attenuationzonestartsat this shal-
eanobtainedin this study representsthe average low depth (80 km). Brune and Singh (1986)have
picture for a lithosphericage of 60—70 Ma old, estimateda 100 km thick LVZ at adepthof 74 km
The younger lithosphere (— 10 Ma) constitutes from the water surfacebeneaththe Bay of Bengal
less than —‘ 10% of the total path traversed(Fig. Fan sedimentsusingsurfacewave dispersiondata.
ic) andwe can assumethat the anomalouseffect Qj1 modelsin Fig. 5(a) show a high-attenuation
of this young slow lithosphere does not greatly zoneat a depth > 120 km from the watersurface.
influence our observedattenuationvalues. Thus, Similarly, a 100 km thick LVZ has beenestimated
the Qj~models are representativeof the older at 64 km depthfrom thewater surfacebeneaththe
portion of the central Indian Oceancrust and Arabian Fan sedimentsby Singh (1988c), using
uppermantle.The relatively thin lithosphere(80 surfacewave dispersiondata. Q~modelsin Fig.
km) acrossNinetyeastRidge comparedwith that 5(b) show a high-attenuationzoneat a depth of
off NinetyeastRidge of the Indian Ocean(100 60—160 km from the water surface.The high-at-
km) suggeststhat a higher-temperaturezoneexists tenuation zone estimated in the presentstudy
beneaththe NinetyeastRidge axis at much shal- agreeswell with the LVZ from surfacewave dis-
lowerdepth thanoff NinetyeastRidge.This result persion studiesby Brune and Singh (1986) and
favours the geothermalmodel proposedby For- Singh (1988b,c). The lithosphere—asthenosphere
syth (1975),which statesthat with an increasein boundary is not at the samedepth as the top of
age of the sea floor, the lithosphere thickness LVZ for the Bay of Bengal Fan and the Indian
increasesand reaches70 km for agesof 30—40 Oceanoff Ninetyeast Ridge. The Arabian Fan
Ma. Singh (1988b) has found the depth of the and the Indian Ocean acrossNinetyeastRidge
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show approximatelythe samedepthfor the top of similar order to that determinedby Singh (1982)
LVZ and thelithosphere—asthenosphereboundary. for the oceanicpathof Eurasiancontinent.
The lithospherethicknessestimatedin this study Q~models for the East Pacific Rise (< 10
for off NinetyeastRidge agreeswell and is of a Ma), NazcaPlate (-‘- 40 Ma) and Mid-Atlantic
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