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Third party borehole seismic experiments on the Ocean Drillin g Program began wit h an Oblique Seismic Experiment at Site 418 in the Western Atlantic south of Bermuda on Leg
102. The experiment confirmed the velocity structur e of upper Layer 2 including Azimuthal anisotropy and azimuth dependent scattering (Figures 4 to 7). It is interesting to note that 300° J 60° (H()le 765, Leg 123
- travel-time and amplitud e data from two Oblique Seismic Experiments on 110ma crust in the slow-spreading western North Atlantic and fast-spreading Northwes tern Pacific shows In thick sedimentary sequences VSP's can be very useful in correlating the
that compressional velocities within layer 2 are, within experimental erro r, identical [Kong etal., 1985]. driling results with the seismic reflection profiling results. This was demonstrated
A 270° % on ODP Leg 123 which drilled in the Argo Abyssal Plain (Figure 11) [Leg 123 Shipboard
D U R I N G I H E O C E A N D R I L L I N G P R O G R A IVI - ' Scientific Party, 1990a; Leg 123 Shipboard Scientific Party, 1990b]. VSP's were also carried out on
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The first borehole seismic experiments on DSDP and ODP were two-ship Obliqgue Seismic Experiments (Figure 1) [Stephen, 1979; Stephen et al., 1979; Stephen et al., 1980; Swift etal., 1988]. By recording N & T 50 210 180° 150° Lot . S
. . . . ) . ) .. b Leg 148 Shipboar d Scientifi c Party
on the drill ship and shooting explosives out to ranges of 8km, the upper 1.5km of the upper crust (Layer 2) adjacent to the borehole could be imaged (Figure 2) [Stephen and Harding, 1983]. . “E’ > S diving Ei = 19934: !
Azimuthal anisotropy [Shearer and Orcutt, 1985; Stephen, 1981; Stephen, 1985] and lateral heterogeneity [Stephen, 1988; Swift and Stephen, 1989] could also be studied by shooting circles of shots at a 20° = 4 —P diving a0l _ IQUre 7. Polar plots of coda energy for Leg 148 Shipboard Scientifi ¢ Party,
fixed range from the borehole. The direct wave from the shot to the top of the  borehole decays exponentially with depth (Figure 3) and is called the "Direct ~ Wave Root". P arrival s | parmival S receiver depths of 230m (a) and 430m (b). 1993b; Moore, 1993; Shinohara et al.,
S raC > N ’ T 3 \ S ; ] : ] ; N The solid line with azimuth of 295degrees 1992]
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Range (km) COMPARISON OF SYNTHETICS WITH EAST LINE — 65° Azimuth £ Borehole (d indicates the spreading direction at the site
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Thir d part y borehole §e|sm|c_exper|ment_s on the chan D!‘I”In g 1 ,,?‘, 3 4 5 ¢ 71 VERTICAL COMPONENTS (deg ) Flgure 6: The codaafter the principal P and S balg.celd on magnetlcl.cllln.eatlons. In (a) .the
Program began with an Oblique Seismic Experiment at Site 418 in the simp |, 1 e ¥ Ji waves is caused by scattering from roughness and solid gray area, solid line and dashed line
Western Atlantic  south of Bermuda on Leg 102. The experiment confirmed - /7:/ _____ . /,;/ i Synthetic Real East Line Figure 4. The first borehole seismic experiments on F'QUre O! Raw (a) and filtered (b) data from the vertical channel at peterogeneity near the seafloor. Vertical channel wﬂlgit\/\? Ellggedren(; Olengtgsaaf q th1e5 cc;c:;
the vel_ocny structur e of upper Layer 2 mclud_mg_ Azimuthal anisotropy , V,f'// //’ Geophone Depth: 32m Geophone Depth: 32m ODP were carried out at Sites 417 and 418 on Leg 102. receiver depth 230m fo_r the 4km airgun circle sh_ot durlng ODP Ledg (ata are compared for receivers at 230, 330, and el .b’ h. i :
and azimuth dependent scattering. A normal incidence VSP was run in VELogiT 4 omEa / 50 - —— . : [Swift and Stephen, 1989 ] 102. High frequency noise seenin the raw data (a) is most likely dueto 430m below the seafloor at azimuths parallel (a) respectively). In (b) the solid gray area, . _
Hole 735B on Leg 118 on the Southwest Indian Ridge. This experiment 430m > T : i DIRECT | DIRECT pipe banging in the borehole, the drill ship maneuverin g durin g : . N solid line and dashed line indicat e the Flgure 11: The Leg 123 VSP data was processed by separating the total field into separate upgoing
it - y - y 05 1 \\\- ' 1 . . . . and perpendlcular (b) to the spreadlng direction. A ff f th i f th d I and downgoing wavefields. This figure shows the upgoing wavefield for an airgun source. The processin
measured velocities corresponding to Layer 3 which was consistent with “TNAN i recordin g intervals, and/or debris falling down the borehole. Bandpass - effects of the start time of the coda window going . 'his Tigure st pgoing 9 ' P g
: : : ‘-\\\\_ ; If _ _ _ , summary of the Azimuthal dependence of the coda after the S arrival (1.1, 0.8, and 1.4 sec revealed additiona | reflections in the sedimentary section between 8.25 and 8.55 sec and a sub-basement
the gabbroic _petmlogy of the CoreS-AnOmabUSly high attenuation was also N y 30 - | . | > = ] filtered data (b) have been processedusing a Butterworth filter at 2 and amplitude is given in Figure 7.  [Dougherty et al., 1995 ] Vel T ' reflector at 8.86sec. The traces between 90 and 150mbsf are a stack of the deconvolved VSP data (traveltimes
observed which prompte d the hypothesis that the gabbro cored may not < AR - /;-’ 82m 20Hz. [Dougherty et al., 1995 ] respectively). [Dougherty etal., 1995 ] are for two-way propagation.) The VSP section can be used to correlate the BMR seismic reflection line (top)
actually represent the bulk of Layer 3 material. The VSP data acquired at X s \\\-\ \\\\\\/,/ Y 50 A with the drilling results (left side). The seismic sequences are numbered. [Bolmer et al., 1992]
Hole 504B in the eastern equatorial Pacific on Leg 148 helped to constrain § ‘\:- \\\ S~ITE ,{/ o
the velocity-dept h structur e at the site and showed that upper Layer 3 at & S 101 \\ 4 g . .
this site, at a depth of over 2km into the crust, did not consist of gabbros Q N\ v : 30 l l l . 3 SOUthweSt Ind|an R|dge (HOIe 7358, Leg 118) 5 COSta R|Ca let (HOle 5048 Le S 111 and 148
but rather consisted of the lower portions of the sheeted dykes. Both offset \ /7’/ 132m Normal incidence VSP's [Balch and Lee, 1984] were carried out on ODP Legs 104, 109 and 111 [Leg 88 Shipboard Scientific Party, 1987b; Leg 109 " _ _ 1 = g _ _
and normal incidence VSP_s were run on Leg 164 to study the seismic N Y ¥ 507 Shipboard Scientific Party, 1988] before the VSP at Hole 735B on Leg 118 on the Southwest Indian Ridge. This experiment measured velocities The VSP data acquired at Hole 504B in the eastern equatorial Pacific on Leg 148 helped to constrain the velocity-depth
velocity structur e of gas hydrates on the Blake Ridge. A new innovation on N /7 S correspondin g to Layer 3 which was consistent with the gabbroic petrology of the cores. Anomalously high attenuation was also observed structur e at the site [Leg 109 Shipboard Scientific Party, 1988; Leg 148 Shipboard Scientific Party, 1993a; Leg 148 Shipboard Scientific Party, 1993b; Swift et
ODP was the deployment of broadband seismometers in boreholes. 5 - N Pa S which prompted the hypothesis that the gabbro cored may not actually represent  the bulk of Lay er 3 material (Figures 8 to 10).. al., 1996; Swift etal., 1998a; Swift etal,, 1998b] and showed that upper Layer 3 at this site, at a depth of over 2km into the crust, did not
- - ' AN ¥ 30+—— : consist of gabbros but rather consisted of the lower portions of the sheeted dykes (Figure 12) [Detrick etal., 1993]. VSP's were also
Whereas the conventional VSP s and offset VSP s mentioned above N N )
operate in the frequency range from 1 to 100Hz, broadband seismometers ] Q¢ c o 182m . . TIME [OSEC] Velocity (km/s) carried out on Leg 156 [Leg 156 Shipboard Scientific Part y, 1995a; Leg 156 Shipboard Scientific Party , 1995b; Leg 156 Shipboard Scientific Part y, 1995c].
are used in earthquake seismology and operate in the frequency range 3 100 1 : : 2;8 4 S5 6 7 8 9
from 0.001 to 10Hz. The first broadband seismometer test was carried out 1 @_ J\WW‘“ of LFoliated gabbro
from the dril| ship on Leg 128 in the Japan Sea. Subsequently four o 30 & = i —/\WW
permanent broadband borehole seismic observatories were installed in the g | ' " oe2m >62m - “OO’W ‘ool ) [Olivine gabbro
Western Pacific and Japan Trench on Legs 186, 191 and 195. The ODP era ~ 50 R Vi e NN e S '
also saw the development of systems for re-enterin g boreholes from Figure 2: Rays traced through a typical velocity = 300‘__%\/% g .
conventional research vessels after the drill ship left the site. Borehole Ei 1 - _ o _ _ model for the upper oceanic crust are shown for just L W § 2001 HL.01-gabbro, Fe-Ti oxides
seismic experiment s and installation s that used this wirelin e re-entry |_gure_ - _In an _(_)bllque Seismic Experiment the _d”” below the seafloor. The sources of the ray paths are 30 - T : - e P N PN e 5 - 77 8, IVOxide-rich gabbro
technology were carried out in DSDP Holes 534 (Blake-Bahama Basin) ship maintains its position over the borehole and monitors near the seasurface in a 5.6km deep ocean at ranges of 50 70 90 50 70 90 400-‘::W §‘300_
and 396 (Mid-Atlantic Ridge at 23degrees north) and ODP Hole 843B the ldownhc()jle ggpplholne while a Shoo“”? Sré'p salls concentric 2, 4,6, and 8km. [Swift et al., 1988] Range (km) Range (km) W VOlivine gabbro
(south of Oahu). The latter experiment (the Ocean Seismic Network Pilot circles and radial lines. A generalized oceanic prustal _ N ) G
Experiment ) carried out a test of three configuration s of broadband g;[rur?turlg%?nd velocity-dept h function are shown. [Litle and Figure 3. The evanescent behavior of the "direct wave root" 400}
S : : . . ephen, - - - ) _gabbro, troctolite . . . :
seafloor seismic installatio n in preparatio n for extending the Global Is shown here on field data (at 32 and 262m into basement) and Figure 8: VSP seismograms collected at Hole 7358 using a V1.0l-gabbro, troctolit Figure 10: This is an example of the spectral ratio method used

Seismic Network to the deep ocean. The author would like to thank the on synthetic seismograms. [Stephen and Bolme r, 1985]
Earthquake Research Institute at the University of Tokyo for a six-month
Visiting Professorship during which this synthesis was carried out

_ to infer Q from the data in Figure 8. (a) Solid lines are five traces
Figure 9: Interval velocities from one-way obtained at 149mbsf: dashed lines are four traces obtained at 434m.
traveltime s to VSP receiver depths [Leg 118 The travel time to the first arrival has been removed and the trace

Shipboard Scientific Party, 1989]. The dashed truncated at alength of 0.3secwith a cosine taper. Note the decrease _
line connecting the squares represents raw in amplitud e of the primary pulse and the bubble pulse at about Flgure 12: The variation in bulk resistivity downhole derived from logging in Hole 504B, the crustal velocity structur e at the

: ) . : iti ' iti ' ' ' ' site, and the lithostratigraphy . The crustal velocity model is based on a Layer 3 velocity of 6.5km/sac deriv  ed from sonobuoy studies
& abqut 2ol aliiey s sl arrl_vgl 'S an SO PLEIE WEEEo \S/ELC}gglievSe’ e\;\;glrcshina:ﬁe SseerI]scI:ttli\(lnﬁ otfO sesi?n?ilclz ig/(l)gs é?ectsrge;rae;);]th;e&IEeatgcgetcheéafg;zlrnegCtgripi%r:z “trr],z around Hole 504B (vgrticlfaly bar) and a linear regyression of the shallow g/rustal velogity gradient determined from travel-t?/me and
- possibly from the hull of the drilling ship. The data have been :

- " - _ : ) ) arrivals.  The solid line connecting the circles amplitud e ratios. (c) The dashed line is the linear regression fit to amplitud e modeling of the borehole seismic experiment (thick solid line). For comparison, the thin grey line shows the sonic
7. Se|SmOIOgy W|th the V\ﬁl‘ellne Re entry gzrcr;(/:tei?] fg:ngl?tllz]d Cehav?/i%ehs Sg?ehs(g)lf;eréc;gtr?ttiesnudajlgn,soéfytlli indicates velocities after smoothing by a five- the amplitud e ratios between 10 and 75Hz. Q is determined from velocity log and the dashed line shows the sonobuoy velocity model. The change in the vertical velocity gradient that defines the

I ) . ) C o point moving average and is a more reliabl e the slope of the amplitud e ratios as a function of frequency [Hauge, seismic layer 2/3 boundary at 1.2+/-0.2km sub-basement, occurs within the sheeted-dyke section, about 660m above the base of the
6' Gas Hyd rates on the Blake Rldg € SyStem attenuation.  The loss of high frequency energy in the initia indication of seismic velocity. The numbered 1981]. The regression gives a Q of 46. (d) The stack of the spectral hole. At least the upper 400-800m of seismic layer 3 consists of dolerites and metadolerites rather than gabbro. [Detrick et al., 1993 ]

50ms over just 350m (less than a wavelength at 10Hz) can . . : : . _ _ ) _ _ ) _
H 4 7 4 annotation s are the lithologi ¢ units drilled .
( OIeS 99 J 995 and 99 J I—eg 16 ) The ODP era also saw the development of systems for re-enterin g boreholes from conventional research Clearly be seen. [swiftetal., 1991; Swift and Stephen, 1992 ] [Swift et al., 1991] J ratios obtained from 13 receiver pairs has a finear regression fit

1000 cubic inch airgun and a vertical component geophone.
Depths in the borehole are given in meters below the seafloor;
no sediments were found at Site 735. The seismograms were
filtered to pass energy less than 250Hz; signal-to-noise ratios
are 5-15dB in the 5-90Hz band. The small, upward deflection

Figure 14: The positions of the three boreholes are shown

Both Offset and nOrmaI inCidenC e VSPs were run on Leg 164 to StUdy the Vesse's (F|gure 16) and Submergib'es after the dn” Sh|p |eft the Slte [Legrand et al., 1989: Montagner et al., 1994a: Correspondlng toa Q Of 26. [SWIﬁ and Stephen’ 1992 ] Duennebier , F.K., and J.G. Blackinton, The ocean sub-bottom Leg 88 Shipboard Scientific Party, Site 581: Downhole seismometer Leg 164 Shipboard Scientific Party, Site 997, in Proceedings of the Oce79.
Controlled source seismic experiment at Hole 581C, in Initial Repbrts Washington, D.C., 1987b. Legrand, J., A. Echardour, H. Floc'h, L. Floury, J. Gieskes, F. HarmegniBspject Leg 70, in Initial Reports of the Deep Sea Drilling Project, 69,
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bottom and sub-bottom micro-seismic noise during the Ngendie pp. 3-8, Ocean Drilling Program, College Station, TX, 1992. TX, 1989. Mons, R., and K. Barbour, Vertical seismic profiling, Schlumberger, 198data, Journal of Geophysical Research, 88 (B10), 8288;3283.
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164 Shipboard Scientific Party , 19960; Leg 164 Shipboard Scientific Part Y, 1996d] Sh|p on Leg 128 in the Japan Sea in the 1989 [Kanazawa et a|_, 1992; Suyehir o et a|_, 1992] . The first SmeerSibIe aSSiSted broad band borehole Seismometer test was Experiment, Initial Reports of the Deep Sea Drilling Project, 91, 357-S#perin, E.|., Vertical seismic profiling, Soc. Explor. Geophys., TulsalLeg 123 Shipb_oard Scigntific Party, Explanatory Notes, in Proceedings/aintagner, J.P., J.-F. Karczewski, B. Romanpwicz, S. Bouaricha, P. Stephen, R.A., S._J_ohnson_, and B. LeV\_/is, T_he oblique seismic experiment
1987D. 1974, the Ocean Drilling Project (Initial Reports), 123, edited by J.N. Ludden,ognonne, G. Roult, E. Stutzmann, J.-L. Thirot, JoBrB. Dole, D. on Deep Sea Drilling Project Leg 65, in Initial Reports of the Deep Sea
| 1994a: M | Applications, and Case Histories, Int. Human Resource. Develop. Corp.|-. Kiser, and N. Gough, Marine Seismic System Experiment, in Initi@rilling Project (Initial Reports), 123, edited by J.N. Ludden, F.M. and Planetary Interiors, 84, 321-336, 1994a Cretin, N. Etourmy, A. Fabre, R. Goldsborough, M. Gould, S. Kery, J.
al., a,; Ontagne r et al. ) _90 I : : : : e — : : - Boston, 1984. Reports of the Deep Sea Oirig Project, 91, edited by H.W. Menard, J.HGradstein, and others, pp. 63-267, Ocean Drilling Progranedeol Montagner, J.P., B. Romanowicz, and J.F. Karczewski, A first step towaka@urent, G. Omnes, K. Peal, S. Swift, R. Turpening, and C. Zani, The
1994b] O n th e Ocean l l l A Ballard, J.A., Marine seismic system (MSS) project, in Initial Reports ofNatland, T.H. Jordan, and J.A. Orcutt, pp. 307-333, U.S. GovernmentStation, TX, 1990b. an oceanic geophysical observatory, Transactions, American Geophysieafloor borehole array seismic system (SEABASS) and VLF ambient

Carolina (Figure 13 and 14). Seismic velocities measured in three drill holes were carried out in DSDP Holes 534 (Blake-Bahama Basin) [Bradiey etal, 1667: Stephen etal, 1994] and 396 (Mid- Duennebier, F.K., B. Lienert, R. Cessaro, P. Anderson, and S. Mallick, Gettrust, and others, pp. 9-36, U.S. Government Printing Office, ~ Program, College Station, TX, 1996d. Stephen, R.A., The oblique seismic experiment on Deep Sea Drilling
Adair, R.G., M.M. Harris, J.A. Orcutt, and T.H. Jordan, Description and Office, Washington, D.C., 1987a. M.H. Salisbury, J.H. Scott, C.A. Auroux, and others, pp. 95-235, Oceditansactions, American Geophysical Union, 70 (No. 30), 729-730 & 7%tashington, 1983.
The low reflectance, or blanking , above the BSR is caused by lithologi c seafloor seismic installation in preparation for extending the Global Seismic N etwork to the deep ocean . A new innovation on ODP was the deployment of broadband seismometers in boreholes. Whereas the conventional VSPs and offset VSPs mentioned above Adair, R.G., J.A. Orcutt, and T.H. Jordan, Analysis of ambient seismic_L987b. and others, pp. 175-202, Ocean Driling Program, College Station, T¥ranchetau, W. Bryan, P. Robinson, M. Flower, and M.H. Salisbury, pfite 504, Joural of Geophysical Research, 93 (B6), 6571-6584, 1088
al., 1996: Leg 164 Shipboard Scientific Party, 1996a; Leg 164 Shipboard Scientific Party, 1996b; Leg earthquake seismology and operate in the frequency range from 0.001 to 10Hz. The first broadband borehole seismometer test was carried out from the drill Adair, R.G., J.A. Orcutt, and T.H. Jordan, Preliminary anslgibcean- ~ Reports, 136, edited by A. Dziewonski, R. Wilkens, and J. Firth, et al.Herzen, and otfrs, pp. 89-222, Ocean Drilling Program, College Statioof, the Deep Sea Drilling Project, 83, 517-528, 1985 Stephen, R.A., and A.J. Harding, Travel time analysis of borehole seismic
carried out on the Mid- Araki, E., Geophysical nature of broadband seismic signals in deep oddaisiage, B.A., Vertical Seismic Profiling, Part A: Principles, 509 pp., F.M. Gradstein, and others, pp. 27-59, Ocean Drilling Program, Colle§euassier, J.-C. Koenig, J. Savary, L. Floury, J. Dupond, A. EchardouDrilling Project, 65, edited by B.T.R. Lewis, P. Robinson, and others, pp.
The depths were converted from travel-time inversion of the the Deep Sea Drilling Project, 88, edited by F.K. Duennebier, R.A.  Printing Office, Washington, D.C., 1987. Leg 131 Shipboard Scientific Party, Explanatory Notes, in Proceedings 6fion, 75 (No. 13 (March 29)), 150-151 & 154, 1994b. noise, Marine Geophysical Researches, 16, 243-286, 1994
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. . . . . . . = 5 = F I g u r e 1 7 Stephen, J.F. Gettrust, and others, pp. 57, U.S. Government Printindglauge, P.S., Measurements of attenuation from vertical seismic profileghe Ocean Drilling Project (Initial Reports), 131, edited by A. Taira, |. Moore, G.F., Data report: Vertical seistrprofile data, Hole 808E, Nank&tephen, R.A., K.E. Louden, and D.H. Matthews, The oblique seismic
vertical seismic profil e data (right) . Two highly reflectiv e Seismic Networ k Pilot g ' ’ | R

o . Office, Washington, D.C., 1987. Geophysics, 46, 1548-1558, 1981. Hill, J. Firth, and others, pp. 25-60, Ocean Drilling Program, College Trough, in Proceedings of the Ocean Drilling Project (Scientific Resultexperiment on Deep Sea Drilling Project leg 52, in Initial Reports of the
zones are observed: one at 0 to 150mbsf and the other at and Flg ure 16 In the Wirelin e Re- Experimen t a broadband / — Vertical component Ballard, J.A., C.C. Mulcahy, R.L. Wallerstedt, and E.L. Kiser, The borehifata, N., H. Nambu, M. Shinohara, and K. Suyerhiro, Seismic evidencgation, TX, 1991a. 131, edited by I.A. Hill, A. Taira, J.V. Firth, and others, pp. 417-422, Deep Sea Drilling Project, 51-53, edited by T. Donnelly, J. Francheteau,
beneath the BSR at 3220 to 3250mbsl.  [Holbrook et al., 1996] entry System a borehole sonde, data borehole sensor in ODP

/ seismic experiment in Hole 395A: Engineering and installation, in Initi@ef anisotropy in the Yamato Basin crust, Proc. O.D.P., Scientific Resultsy 131 Shipboard Scientific Party, Site 808, in Proceedings of the Oce@oean Drilling Program, College Station, TX, 1993. W. Bryan, P. Robinson, M. Flower, and M. Salisbury, pp. 675-704, U.S.
recording package and control vehicle Hole 843B [Dziewonski et al.,
% are suspended from a conventional 1992] was compared with a
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Figure 13: Location of ODP Leg 164 on the Blake
Ridge. [Holbrook et al., 1996]
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compared with the vertical-incidenc e seismic reflection data from (A) Site 1994, (B) Site 995
and (C) Site 97. Anomalous chlorinit y values indicate that methane hydrate is present
between 220 and 450mbsf at all three sites. Seismic reflections correlate with vertical
lithological changes in the upper 150mbsf and with low seismic velocities indicative of free
gas (bright spots) beneath the hydrate stability zone. The low reflectance above the BSR is
the expected response of lithologically uniform sediments . [Holbrook et al., 1996]

Power Spectral Density (dB re: 1 (m/s2)2/Hz)

Figure 15: The seismic velocities from VSP's, the chlorinit y, and the CaCO3 content are z
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