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Abstract

The seismic velocity structure of a section of the Troodos Massif has been reconstructed in detail from
values of compressional (Vp) and shear (Vs) wave velocities measured in the laboratory under clevated
hydrostatic confining pressures for 74 samples obtained from drilthole CY-4 at Palckhori, Cyprus. The 2263
m thick section begins in sheeted dikes and continues through a gabbroic section into ultramafic rocks
consisting of websterites, olivine websterites and minor lherzolites. The sheeted dike section shows strong
velocity gradients with Vp increasing from 5.4 km/sec at the top to 6.8 km/sec at 630 m depth. Beneath the
dike section, low velocity zones for both Vp and Vs originate from alteration of high level gabbros. Velocities
from depths between 950 m and 1750 m agree well with oceanic Layer 3 velocities. The transition from
gabbro to websterite and olivine websterite at 1750 m marks a sharp increase in velocity to Vs = 4.2 km/sec
and Vp = 7.7 km/sec. These values fall within the range observed for the oceanic Mohorovicic discontinuity

by refraction,

Résumé

La configuration des vitesses séismiques d'une section du massif de Troodos a été reconstituée en détail &
partir des vitesses des ondes compfessives (Vp) et cisaillantes (Vs) mesurées en laboratoire sous des pressions
hydrostatiques confinantes élevées. Les 74 échantillons étudiés proviennent du forage CY-4, & Palekhori,
Chypre. La section, épaisse de 2263 m, débute dans le complexe filonien et traverse des roches gabbroiques a
ultramafiques, ces derniéres étant constituées de websterites, de websterites a olivine et de peu de lherzolites.
La portion du complexe filonien montre un fort gradient de vitesse caractérisé par Vp croissant de 5.4 km/sec
au sommet 2 6.8 km/sec 2 630 m de profondeur. Sous le complexe filonien des zones a faibles vitesses Vp et
Vs sont observées sur les gabbros supérieurs métamorphisés. Les vitesses mesurées pour les profondeurs
comprises entre 950 et 1750 m sont trés comparables 2 celles mesurées dans la couche 3 de la crodte
océanique. La zone de transition, depuis les gabbros jusqu'aux websterites et aux websterites a olivine 4 1750
m, est marquée par des accroissements importants des vitesses Vs (4.2 km/sec) et Vp (7.7 km/sec). Ces
vitesses se situent 2 l'intérieur de I'intervalle des valeurs mesurées par sismique-refraction pour la discontinuité
Mohorovicic océanique. :
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INTRODUCTION

Beginning in the early 1970%, it became widely
recognized that ophiolite complexes may represent on land
exposures of oceanic crust and upper mantle (e.g.,
Coleman, 1971; Dewey and Bird, 1971; Moores and Vine,
1971). Although direct observations of the nature of the
oceanic crust were limited to dredging and shallow
drilling, the seismic structure of the oceanic crust was well
known in many localities (Raitt, 1963; Shor et al., 1971).
Thus, it was critical 10 examine the seismic properties of
ophiolites and compare them with oceanic crustal structure
determined by marine seismic investigations. Laboratory
measurements of seismic velocities of major ophiolite
lithologies (Peterson et al., 1973; Kroenke et al., 1976;
Christensen, 1978) and rock suites from detailed traverses
through complete or nearly complete ophiolite sections
(Salisbury and Christensen, 1978; Christensen and
Smewing, 1981; Christensen and Salisbury, 1982)
demonstrated many similarities between ophiolite and
oceanic crustal velocities. In addition, perhaps the most
convincing evidence for ophiolite oceanic crustal models
was the finding that seismic anisotropies of ophiolite
ultramafic sections are similar to oceanic upper mantle
anisotropies (e.g. Christensen and Salisbury, 1979;
Christensen and Lundquis1, 1982; Christensen, 1984).

Two major problems concerning the possibility of
ophiolites as oceanic crustal analogs have persisted
however. First, the thicknesses of crustal sections of many
ophiolites, including the Troodos complex, appear thin
compared with seismic measurements of oceanic crustal
thickness (Christensen and Salisbury, 1975). Secondly,
the chemistries of many ophiolites are calc-alkaline,
suggesting that some may have originated in an island arc
environment (e.g., Miyashiro, 1973). A probable origin at
a spreading center located within an island arc for the
Troodos ophiolite is supported by chemical studies of
volcanic glass samples (Robinson et al., 1983).

In this paper, we investigate the detailed seismic and
density structure of a major section of the Troodos
ophiolite with the purpose of understanding the seismic
structure of oceanic crust formed in an island arc
environment. Seismic velocities at elevated pressures are
presented along with densities for 74 samples from the
sheeted dike section, the gabbroic scction and the
websterites and olivine websterites of drill hole CY-4 at
Palekhori, Cyprus. Excellent depth control of the velocity
and density profiles over the 2263 m thick section is made
possible by the 99.9% core recovery. The high recovery
also implies that the section is (relatively) free of open
cracks and that laboratory measurements may be fairly
representative of formation properties. Major velocity
gradients and discontinuities in the Troodos ophiolite are
found 1o have similarities with those in other ophiolites
and some oceanic crustal seismic sections.
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MEASUREMENT TECHNIQUES

Minicores approximately 2.45 ¢m in diameter and 3
to 6 cm in length were taken from the main drill core i
approximately 20 to 40 m intervals. Each sample was
selected as carefully as possible to be representative of the
depth interval from which it was obtained. The sumples
were weighed dry, then saturated with water and
reweighed. The bulk density of each sample was
determined from its mass and dimensions and the porosity
was calculated from its wet uand dry weights. The
mineralogy of each sample was determined from thin
section analysis.

Compressional and shear wave velocities were
measured using the pulse transmission technique described
in detail by Birch (1960). All velocities were oblained at
room temperature using  water-saturated  samples.
Transducers with resonant frequencies of | MHz were
used to generate and receive the compressional and shear
waves. The samples were jacketed with copper tfoil and
100-mesh copper screens were placed between the cores
and juckets to provide space for water 1o drain from
microcracks as the confining pressure was increased.
Thus, pore pressure was lower than confining pressure
during the pressure cycles.

DATA AND DISCUSSION

Compressional and shear wave velocities, water
saturated bulk densities (p) and porosities (¢) are given in
Table 1. In addition to the velocities, velocity ratios
(Vp/Vs), Poisson's ratios (6), bulk moduli (K) and shear
moduli (p) are tabulated for various pressures. The elastic
constants were calculated from the measured velocities und
densities using the equations summarized by Birch (1961).

A stratigraphic section of the drill core along with
measured densities and velocities from Table 1 ure shown
in Figure 1. Velocities at the top of the section were
measured at a differential confining pressure of 90 MPa
(0.9 kbar) while those shown at greater depths were at
appropriate higher pressures. The lowermost velocities in
Figure 1 are at confining pressures of 140 MPa (1.4 kbar).
These pressures correspond 1o those extending from the
lower portion of Oceanic Layer 2 to well into Layer 3.
The velocity and density structures of the Troodos
ophiolite shown in Figure 2 are based upon the relative
abundances of each lithology us observed in the complete
section of drill core. Also shown are envelopes defining
the ranges of measured velocities and densities.

Based on the petrology of the drill hole and the
velocity and density profiles of Figures | and 2, the
ophiolite section sampled in hole CY-4 can be divided into
four velocity zones. The uppermost consists of dike rocks.
This zone is characterized by strong positive velocity
gradients. Compressional wave velocities increase from
approximately 5.4 km/sec at the top of the drill hole t0 6.8
km/sec at a depth of 630 m und shear wave velocities
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Figure 1: Density, compressional (Vp) and shear (Vs) wave velocities as a function of depth in hole CY-4,
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TABLE 1: Compressional (Vp) and shear (Vs) wave velocities, Poisson’s
ratios o, bulk moduli (K) and shear moduli p versus pressure (P).

Sample P Vp Vs Vp/Vs o K Il
(kb) (km/s) (km/s) (Mb) (Mb)
CY-461.75m 02 545 319 171 024 044 027
Diabase 04 549 324 170 023 044 028
p=270g/km® 06 552 3.27 169 023 044 029
¢ =28% 08 554 3.29 1.68 023 044 029
1.0 556 3.31 1.68 023 044 030
20 5.64 3.34 169 023 046 030
40 572 337 1,70 023 048 03]
6.0 5.77 3.38 1.70 024 049 0.1
CY-4100.11m 02 5.39 310 174 025 043 025
Diabase 04 546 3.14 1.74 025 044 026
p=263glm® 06 551 307 1.74 025 045 026
¢ =32% 08 555 3.18 174 025 045 027
1.0 557 3.20 1.74 025 046 027
20  5.65 324 1,74 025 047 0.28
40 5.69 3.26 1.74 025 048 028
60 570 327 1.74 025 048 028
CY-4 14081 m 02 530 3.03 1.75 026 042 024
Diabase 04 543 3.09 1.76 026 045 0.25
p=266gkm’ 06 551 302 177 026 046 0.26
¢ =32% 08  5.56 3.4 1.77 027 047 026
1.0 560 316 177 027 048 027
20  5.68 3.21 177 027 049 027
40 573 3.4 1.77 027 051 028
60 576 - 3.26 1.77 026 0.51 029
CY-419990m 02 593 3.21 1.85 029 0.60 029
Diabase 04 598 3.27 1.83 029 061 030
p=28lglm’ 06 602 331 1.82 028 061 031
¢ =15% 08 6.04 3.34 1.81 028 061 031
1.0 606 336 1.81 028 0.61 032
20 6.14 3.40 1.81 028 063 033
40 6.22 343 1.81 028 0.65 0.33
60 6.28 3.45 1.82 028 067 034
CY-421928m 02 600 344 174 026 056 033
Diabase 04 6.06 347 1.74 025 057 034
p=219glm® 06 609 3.50 174 025 0.58 034
¢=13% 08 6.11 3.51 1.74 025 0.58 0.34
1.0 6.13 3.52 174 025 059 035
20 6.19 3.56 1.74 025 060 035
40 624 3.59 1.74 025 061 0.36
60 626 3.60 .74 025 0.62 0.36
CY-424000m 02 586 3.29 178 027 055 030
Diabase 04 . 593 3.34 178 027 0.56 031
p=271glm* 06 598 3.37 .77 027 057 032
¢=12% 08 6.01 3.39 1.77 027 058 032
1.0 6.04 34 1,77 027 058 032
20 610 345 1.77 027 060 0.33
40 6.16 348 1.77 027 061 034
6.0 6.26 3.60 174 025 062 0.36
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TABLE 1: (cont.)

Sample p Vp Vs Vp/Vs o K H
(kb) (km/s) (km/s) (Mb) (Mb)
CY-427950m 02 620 355 175 026 061 035
Diabase 04 626 359 174 026 062 036
p=280g/m® 06 629 3.6l 174 026 062 036
¢ =04% 08 631 362 1.74. 025 063 037
: 10 633 363 174 025 063 037
20 638 365 175 02 064 037
40 643 367 175 026 066 038
60 645 368 175 026 0.67 0.38
CY4299.57Tm 02 609 354 172 024 057 035
Diabase 04 615 358 172 024 058 036
p=280gkm® 06 618 360 172 024 059 036
¢ =07% 08 620 3.6l 172 024 059 037
10 621 362 172 024 059 037
20 627 365 172 024 060 037
40 632 367 172 025 062 038
60 635 368 173 025 063 034
CY-4 377.50m 02 638  3.61 177 026 067 038
Diabase 04 642 366 176 026 067 039
p=288glm’ 06 645 368 175 026 068 039
¢ =03% 08 646 370 175 026 068 039
10 647 371 175 026 068 040
20 650 372 175 026 069 040
40 655 373 175 026 070 040
60 658 374 176 026 072 04!
CY4399.11m 02 647 351 1.85 029 073 035
Diabase 04 652 355 183 029 074 036
p=288glm® 06 655 358 18 029 074 037
¢ = 0.6% 08 657 360 182 028 074 037
10 659 362 182 028 075 038
20 665 366 1.82 028 076 039
40 669 368 1.82 028 077 039
60 671 368 1.82 028 078 039
CY442081m 02 627 363 173 025 063 0338
Diabase 04 630 365 173 025 063 038
p=287ghm® 06 632 367 172 025 063 039
¢ = 0.6% 08 633 368 172 025 063 039
10 633 368 172 024 063 039
20 636 370 172 024 064 039
40 640 372 172 025 065 040
60 642 372 172 025 0.66 040
CY445060m 02 631 349 181 028 067 035
Diabase 04 636 352 181 028 068 035
p=285g/km® 06 639 354 18l 028 069 036
¢ =04 10 643 356 181 028 070 036
20 648 358 L8l 028 071 037
40 653 360 181 028 072 037
60 656 3.6l 182 028 073 037
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TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs a K [T
(kb) (km/s) (km/s) (Mb) (Mb)
CY-4497.13 m 02 627 364 1.72 025 062 038
Diabase 04 632 365 1,73 025 063 038
p = 2.84 g/cm® 06 635 366 174 025 064 038
¢=07% 08 637 367 174 025 065 038
1.0 639 367 174 025 065 038
20 642 369 174 025 0.66 039
40 645 370 174 025 067 039
60 646 370 174 026 0.67 0.39
CY-4 51812 m 02 660 368 179 027 073 039
Diabase 04 664 371 179 027 074 040
p = 2.88 g/cm’ 06 668 373 179 027 075 040
¢ =04% 08 670 374 179 027 076 040
1.0 671 375 179 027 076 041
20 676 376 1.80 028 078 04l
40 679 376 180 028 079 04]
60 680 377 181 028 080 04]
CY-4579.32m 02 635 349 182 028 070 0.35
Diabase 04 642 353 182 028 071 036
p = 2.89 g/cm® 06 645 355 1.82 028 072 037
¢ = 0.6% 08 648 357 182 028 072 037
10 650 358 182 028 073 037
20 657 362 1.82 028 075 038
40 664 366 182 028 076 039
60 668 368 181 028 077 040
CY-4 603.07 m 02 634 362 115 026 064 037
Diabase 04 641 365 176 0206 066 038
p =283 g/cm® 06 645 366 176 026 067 038
6 =0.6% 08 647 367 176 026 068 0.38
10 649 368 176 026 068 038
20 652 370 176 026 069 039
40 654 371 .76 026 070 0.39
60 655 371 176 026 070 0.39
CY-4 640.30 m 0.2 658 3.76 175 026 069 040
Gabbro 04 665 38 L75 026 071 041
p =282 g/em? 06 669 38 175 026 071 041
¢ =0.0% 08 672 385 175 026 072 042
1.0 674 38 175 026 072 042
20 678 389 174 025 073 043
40 681 39 175 026 074 043
60 682 390 175 026 075 043
CY4680.10m0.2 0.2 668 372 180 028 080 042
Homblende Gabbro ° 0.4 6.76 3.1 1.80. 028 082 043
p = 3.04 g/cm® 06 681 38 179 027 083 044
¢ =03% 08 685 38 179 027 083 044
1.0 687 384 179 027 084 045
20 693 392 177 026 084 047
40 697 400 174 025 083 049
60 699 404 173 025 0.83 050
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* TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs ¢ K H
(kb) (km/s) (km/s) (Mb) (Mb)
CY-4 720.18 m 0.2 6.77 3.79 1.79 027 077 041
Homblende Gabbro 0.4 6.84 3.81 1.80 028 079 042
p =288 g/em? 06 6.88 382 1.80 028 080 042
¢ =0.1% 0.8 6.90 383 1.0 0.28 0.81 042
1.0 691 3.84 1.80 028 081 042
20 694 3186 1.80 028 082 043
40 696 3.88 179 027 0.82 0.43
60 697 3.89 1.79 027 082 044
CY-4 73993 m 02 . 695 3.89 1.79 . 027 083 045
Homblende Gabbro 0.4 6.98 3.93 177 027 083 046
p=297 g/em? 06 699 395 1.77 026 083 046
¢ =02% 0.8 7.00 3.97 176 026 083 047
1.0 701 3.97 176 026 083 047
20 7.03 3.99 1.76 026 0.84 047
40 7.05 4.01 176 026 084 048
60 7.06 4.02 1.76 026 0.85 048
CY-4 75990 m 0.2 6.79 386 1.76 026 0.78 044
Altered Hb. Gabbro 0.4 6.83 3.88 1.76 026 079 045
p =297 g/em® 06 684 38 176 026 079 045
¢ =02% 0.8 6.85 3.90 1.76 026 079 045
1.0 686 3.91 1.76 026 080 045
20 6.89 393 175 026 080 046
40 693 394 1.76 026 0.82 046
6.0 695 3.95 176 026 0.82 047
CY+4 780.03 m 0.2 6.54 " 3.68 .78 027 071 039
Ahered Gabbro 04 6.58 3.70 1.78 027 072 039
p =288 g/em? 0.6 6.60 37 1.78 027 073 040
¢=0.1% 0.8 6.62 3.72 1.78 027 0973 040
1.0 6.63 373 1.78 027 073 040
20 6.67 375 1.78 027 074 041
40 6.70 3.79 1.77 026 075 042
60 672 3.81 1.76 026 0.75 042
CY-4 800.05 m 0.2 6.34 3.44 1.84 029 0.69 034
Altered Gabbro 04 638 3.48 1.83 029 070 0.34
p=283 g/em® 06 640 3.50 183 029 070 0.35
¢ =0.6% 0.8 6.42 3.52 1.83 029 0.70 0.35
1.0 643 3.53 182 028 070 035
20 648 3.5 1.82 028 0.7F 036
40 6.54 3.60 1.82 028 072 037
60 657 3.62 1.82 028 073 037
CY-4 840.85 m 02 6.63 3.9 175 026 072 042
Gabbro 04 6.67 382 1.75 026 0.73 043
p =292 g,/cm3 06 6.69 384 1.74 026 074 043
¢ =02% 0.8 6.71 385 1.74 025 074 043
1.0 672 3.86 1.74 025 074 044
20 6.76 3.89 174 025 075 044
40 6.79 391 1.74 025 0.76 045
60 6.81] 3.92 1.74 025 0.76 045
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TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs ¢ K u
(kb) (km/s) (km/s) (Mb) _ (Mb)
CY4880.12m 02 663 388 171 024 072 045
Gabbro 04 669 391 171 024 074 046
p=302g/em* 06 673 392 172 024 075 047
¢=02% 08 676 394 172 024 076 047

1.0 678 3.95 1.72 024 076 047
20 686 3.97 173 025 079 048
40 694 3.99 1.74 025 082 048
60 699 4.00 1.75 026 084 049

CY491996m 02 725 3.94 1.84 029 096 047

Gabbro 04 729 3.95 185 029 097 047
p = 3.01 gfem® 06 732 3.96 1.85 029 098 047
¢=01% 08 734 3.97 185 029 099 047

1.0 735 3.98 1.85 029 099 048
20 740 4.00 185 029 101 048
40 745 4.02 1.85 029 103 049
60 747 4.02 186 030 1.04 049

CY-4 960.78 m 02 17.00 3.78 1.85 029 088 042

Gabbro 04 712 3.83 1.86 030 092 043
p = 2.94 gfcm® 06 7.8 3.85 1.86 030 094 044
¢ =0.1% 08  17.22 3.87 1.87 030 095 04

1.0 7.24 3.87 1.87 030 095 044
20 7.28 3.89 1.87 030 097 045
40 7131 39 1.87 030 098 045
60 7.32 3.91 1.87 030 098 045

CY-4 980.03 m 02 691 3.80 1.82  0.28 0.87 044

Diabase 04 6.96 3.82 1.82 028 0388 044
p=305 g/cm3 0.6 6.99 3.83 183 029 0.89 045
¢ =0.1% 08 7.02 3.84 183 029 090 045

1.0 7.03 3.84 1.83 029 091 045
20 7.08 3.86 1.84 029 092 045
40 1.09 3.87 1.83 029 093 046
60 7.09 3.87 1.83 029 093 046

CY-4 100006 m 02 7.09 3.86 1.84 029 091 044

Gabbro 04 7.13 3.87 1.84 029 092 045
p = 2.98 g/em® 06 7.14 3.88 1.84 029 092 045
¢ = 0.0% 08 .16 3.89 1.84 029 093 045

1.0 7.16 3.89 1.84 029 093 045
20 1719 391 1.84 029 094 046
40 122 392 1.84 029 095 046
. 60 723 3.93 1.84 029 095 046

CY-4101996m 02 6.86 344 1.99 033 091 035

Gabbro 04 698 348 201 033 095 035
p =291 g/em® 06 7.02 3.51 200 033 09 036
¢ =02 1.0 7.05 3.54 199 033 096 0.36

20 1707 3.57 198 033 096 037
40 7.08 359 197 033 096 038
60 7.09 3.60 197 033 097 0.38
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‘TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs o K IT
(kb) (km/s) (km/s) (Mb)  (Mb)
CY-41039.87m 02 7.12 386 184 029 091 044
Gabbro 64 721 38 186 030 094 045
p=29%g/m® 06 726 390 1.8 030 096 045
¢ =01 1.0 732 392 187 030 098 046

20 736 3.95 1.87 030 099 046
4.0 740 3.96 1.87 030 100 047
6.0 741 3.97 1.87 .030 LO1I 047

CY-4107985m 02 685 3.80 1.80 0.28 0.84 0.4

Diabuse 04 691 3.82 1.8t 028 086 0.4
p = 3.03 g/em? 06 695 3.83 1.82 028 087 044
¢=0.1% 08 697 3.84 1.82 028 088 045

1.0 6.99 384 1.82 028 089 045
20 703 3.85 1.82 029 09 045
40 7.07 3.86 1.83 029 092 045

60 .09 3K6 183 029 093 040
CY-4 110000 mm 02 685  3.84 178 027 083 045
Gabbro 04 692  3.87 179 027 085 045
p =303 g/em? 0.6 696 1.88 179 027 086 0.46
¢ =02% 08 699 390 .79 027 087 046

1.0 7.0l 3.90 1.80 0.28 087 046
20 7.06 3.92 1.80 028 089 047
40 7.09 394 1.80 028 090 047
60 7.11 3.95 1.80 028 091 048

CY-4111995m 0.2 6.81 3.82 178 027 082 044

Diabase 04 687 384 179 027 084 045
p=303gkm® 06 691 38 179 027 085 045
¢=0.1% 08 693 387 179 027 085 045

1.0 6.95 3.87 1.79 027 086 045
20 7.0t 3.89 180 0.28 0.88 0.46
40 107 3.90 1.81 028 090 0.46
60 7.11 3.90 1.82 028 092 046

CY-41160.12m 02 692 3.68 1.88 030 091 041

Gubbro 04 698 378 185 029 090 044
p=304g/m® 06 701 383 183 029 090 045
¢ =02% 08 7.04 387 1.82 028 040 046

1.0 7.06 3.89 1.82 028 091 046
20 713 3.92 1.82 028 092 047
40 7117 394 1.82 028 094 047
60 7.18 3.95 1.82 028 094 048

CY-4118000m 02 7.03 3.70 190 031 093 041

Gabbro 04 709 378 1.87 030 093 043
p=298glm® 06 7.3 382 1.8 030 093 044
¢ =02% 08 7.5 384 1.8 030 094 044

1.0  7.47 3.86 1.86 030 094 044
20 723 3.88 1.86 030 096 045
40 1.7 3.89 1.87 030 098 045
60 730 3.90 1.87 030 099 046
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TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs ¢ K u
(kb) (km/s) (km/s) (Mb)  (Mb)
CY-4 1200.00 m 02 688 4.04 170 024 078 050
Gabbro 04 695 4.08 1.71 024 080 051
p = 3.04 g/cm® 06 17.00 4.10 1.71 024 081 0.5
¢=0.1% 08 17.03 4.12 .71 024 082 0.52
1.0 7.0 4.13 .71 024 082 052
20 710 4.16 1.71 024 0.84 0.53
40 715 4.17 1.72 024 0.86 0.53
60 7.8 4.17 172 025 087 053
CY-4 1220.05 m 02 695 3.92 1.77 027 083 046
Gabbro 04 7.05 397 1.77 027 085 047
p =297 g/em? 06 7.10 4.01 1.77 027 086 048
¢ =0.2% 08 7.13 4.03 177 027 0.87 048
1.0 7.15 4.04 177 026 087 049
20  7.20 4.08 177 026 088 0.50
40 7.25 4.11 .77 026 090 0.50
60 7.27 4.12 1.77 026 091 0.51
CY-4 124002 m 02 691 3.86 1,79 027 084 045
Diabase 04 7.00 3.88 1.80 028 0.87 045
p = 3.02 gicm?® 06 7.05 3.89 1.8t 028 089 046
¢ =02% 0.8 7.08 3.90 1.82 028 090 046
1.0 7.10 3.90 1.82 028 091 046
20 .14 3192 1.82 028 092 046
40 7.8 3.93 1.83 029 094 047
60 17.19 393 1.83 029 095 047
CY-4 1260.00 m 02 691 . 3.69 1.87 030 089 041
Gabbro 04 7.01 3.77 1.86 030 090 043
p =2.99 g/cm? 06 2.07 3.82 1.85 029 091 044
¢ =02% 08 711 384 1.85 029 093 044
10 7.5 3.86 1.85 029 093 044
20 723 3.88 1.86 030 096 045
4.0 731 3.90 188 030 1.00 046
6.0  7.36 391 1.88 030 1.02 046
CY-4 1280.00 m 0.2 683 3.90 175 026 078 045
Gabbro 0.4 6.89 3.92 1.76 026 0.80 046
p = 2.96 g/cm’ 06 692 394 1.76 026 081 046
¢ =0.1% 08 695 395 1.76 026 082 046
1.0 6.96 395 176 026 082 046
20 17.02 3.96 1.77 026 0.84 047
40 107 397 1.78 027 0.86, 047
, 60 1710 3.97 1.79 027 088 047
CY-4132000m : 02 6.70 3.72 1.80 028 0.77 040
Homblende Gabbro 04  6.77 375 1.80 028 079 041
p =291 g/cm? 06 6.8 in 181 028 0.80 04
¢=02% 0.8 6.84 3.78 1.81 028 0.80 042
1.0 687 3.79 1.81 028 082 042
20 6.94 3.81 1.82 028 0.84 042
40 17.00 3.82 1.83 029 087 043
60 17.03 3.82 184 029 088 043
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TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs ¢ K 1T
(kb) (km/s) (km/s) (Mb) (Mb)
CY-4 13400Im 02 742 403 184 029 106 051
Gabbro 04 746 410 1.82 028 1.05 053
p=3l16g/m® 06 748 4.4 1.81 028 1.05 0.54
¢=01% 08 749 417 180 028 105 055

1.0 750 4.18 179 027 1.04 055
20 753 4.21 .79 027 1.05 0.56
40 759 423 179 027 107 0.57
60 7.62 4.24 1:80 0.28 1.09 0.57

CY-4 138023 m 02  7.21 3.84 1.88 030 098 045

Gabbro 04 729 390 1.87 030 1.00 046
p =303 gflem? 06 133 193 186 030 L0 047
¢ =02% 08 736 395 1.86 030 101 047

1.0 738 3.97 1.86 030 101 0438
20 745 4.01 186 030 1.03 049
40 759 4.23 1.79 027 107 057

60 762 424 180 028 109 057
CY-4 140008 m 0.2 7.08 3.0 191 031 095 04l
Gabbro 04 720 379 190 031 097 043
p=297g/m® 06 726 384 189 031 098 044
¢ =02% 08 730 387 189 030 099 045

1.0 733 3.89 1.88 030 L0005
20 738 392 1.88 030 1.02 046
40 743 3.94 1.89 031 1.03 046
60 745 3.94 1.89 031 1.04 047

CY-4 142006 m 02 680- 3.79 1.80 028 079 042

Gabbro 04 690 38 179 027 080 043
p=29g/km® 06 695 390 178 027 081 044
¢=02% 08 698 392 178 027 082 045

1.0 7.00 393 1.78 027 083 045
20 7104 3.95 1.79 027 0.84 045
40 7.08 3.96 1.79 -~ 027 085 0.46
60 7.10 3.96 1.79 027 086 046

CY-4 1440.14m 02 710 379 1.87 030 089 04!
Gabbro 04 723 392 184 029 091 044
p=286g/m® 06 728 398 1.83 029 092 045
¢=02% 08 732 400 1.83 029 092 046

1.0 733 4.02 1.83 029 093 046
20 1738 4.04 1.83 029 094 047
40 1743 4.06 1.83 029 096 047
60 745 4.07 1.83 029 097 048

CY-4145968m 02 7.28 4.09 178 027 095 0.52

Gubbro 04 739 412 179 027 099 052
p=308g/km® 06 746 414 180 028 101 053
$=02% 08 750 416 1.80 028 102 053

1.0 753 4.17 1.81 028 1.03 054
20 7.6l 4.20 1.81 028 106 0.55
40 17.69 4.24 1.82 028 1.09 0.56
60 7.73 4.25 1.82 028 L1l 0.56
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TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs o K H
(kb) (km/s) (km/s) (Mb) (Mb)
CY-41520.12m 0.2 6.79 n 1.83 029 031 040
Gabbro 0.4 6.87 379 1.81 028 082 042
p =293 g/em? 0.6 6.91 383 180 028 0.83 043
¢ =02% 0.8 6.94 3.86 1.80 028 083 044

1.0 696 3.87 1.80 028 083 044
20 7.0l 3.90 1.80 028 085 045
40 1705 3.92 1.80 0.28 086 045
6.0 7.07 3.93 1.80 0.28 0.87 0.46

CY4154025m 02 7.22 3.94 1.83 029 099 049

Gabbro 04 736 4.03 1.83 029 1.02 0.5l
p = 3.15 g/em? 06 74 4.09 1.82 028 1.04 053
¢ =0.2% 08 749 4.12 1.82 028 105 053

1.0 7.52 4.14 1.82 028 106 054
20 759 4.17 1.82 028 1.08 055
40 7.64 4.20 1.82 028 1.10 0.56
60 7.68 4.21 1.82 029 112 0.56

CY-4 155939 m 02  6.88 37 1.85 029 086 041

Gabbro 04 704 391 180 028 087 046
p=298ghm® 06 702 400 178 027 087 048
¢ =0.3% 08 706 403 177 027 088 048

1.0 7.18 4.05 1.77 027 0.89 049
20 724 4.07 1.78 027 091 049
40 730 4.08 1.79 027 093 050
60 733 4.09 1.79 027 094 0.50

CY4157965m 02 664 3.65 1.82 028 097 0.39
Gabbro 0.4 6.93 3.76 1.84 029 O0.85 041
p =293 g/em® 06 704 3.82 1.84 029 0.88 043
¢=02% 08 7.09 3.86 1.84 029 089 044

1.0 7.2 3.89 1.83 029 090 044
20 7.8 3.93 1.83 029 091 045
40 7124 3.95 183 029 093 046
6.0 17.27 3.96 1.84 0.29 094 046

CY41600.54m 02 682 3.72 1.84 029 085 042

Gabbro 04 698 384 182 028 088 045
p=302g/km® 06 705 391 1.80 0.28 0.89 046
é=02% 08 709 395 179 027 089 047

1.0 711 3197 1.79 027 089 048
20 7.8 4.01 1.79 027 091 049
40 7.24 4.03 1.80 028 094 049
60 1727 4.03 1.80 028 095 049

CY-41640.04 m 0.2, 7.04 3.95 178 027 086 046

Gabbro 04 . 7.10 398 178 027 087 047
p=298g/m® 06 714 401 1.78 027 088 048
¢=01% 08 7.6 402 1,78 027 089 048

1.0 718 4.03 1.78 027 0.89 048
20 723 4.05 1.78 027 090 049
40 127 4,07 179 027 092 0.50
60 7.29 4.08 1.79 027 093 0.50
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* TABLE 1: (cont.)

Sample P vp Vs Vp/Vs o K H
(kb) (km/s) (km/s) (Mb)  (Mb)
CY41659985m 02 686 38 181 028 083 043
Gabbro 04 692 385 180 028 084 044
p =296 g/em? 06 696 38 179 027 084 045
¢=02% 08 698 390 179 027 084 045
1.0 700 392 179 027 085 046
20 706 399 177 027 085 047
40 7.3 406 176 026 086 049
60 747 410 175° 026 0%7 0.50
CY-4 168006 m 02 7.15 3.82 1.87 030 043 043
Gabbro 04 724 385 188 030 096 044
p =295 g/em® 06 729 387 188 030 098 044
0=0.1% 08 732 388 188 030 099 044
1.0 1733 39 188 030 099 045
20 738 393 188 030 100 046
40 742 397 187 030 101 047
60 744 399 186 030 1.01 047
CY-41699.90m 02 674 386 175 026 076 044
Gabbro 04 694 397 175 026 081 047
p =298 g/em? 06 7.04 402 1.75 026 083 048
¢ =02% 08 7.09 405 175 026 085 049
10 702 406 175 026 085 049
20 716 409 175 026 087 050
40 719 411 1.75 026 087 0.1
60 721 412 175 026 088 0.5)
CY4172012m 02 674 395 171 024 072 046
Gabbro 04 698 403 173 025 079 047
p =292 glm? 06 707 407 174 025 082 048
¢=02% 08 7.1 409 174 025 083 049
1.0 713 410 174 025 083 049
20 716 413 174 025 084 050
40 719 415 173 025 084 0S5]
60 720 416 173 025 085 051
CY-4174002m 02 706 410 172 025 085 052
Gubbro 04 7.8 414 173 025 089 053
p = 3.09 g/em® 06 724 416 174 025 091 054
¢=0.1% 08 728 418 174 025 092 054
10 730 419 174 025 092 054
20 736 423 174 025 094 055
40 741 426 174 025 095 0.56
60 743 427 174 025 096 0.57
CY-4 175986 m 02 760 415 183 029 108 0.54
Olivine Websterite 04 7.67 4.17 1.84 029 111 054
p=3.11g/m? 06 771 418 184 029 112 055
¢=0.1% 08 773 419 185 029 113 055
1.0 775 420 185 029 1.14 055
20 780 420 18 030 1.16 055
40 784 420 187 030 1.18 0.5
60 786 420 187 030 120 055
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TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs o K I
(kb) (km/s)  (km/s) (Mb) (Mb)
CY-4 1779.76 m 0.2 7.75 4.12 1.8 030 116 053
Websterite 04 779 4.18 1.87 030 117 0.54
p =311 giem? 06 781 421 1.8 030 116 0.5
¢=02% 08 7.83 424 1.85 029 116 0.56
1.0 7.85 4.26 1.84 029 116 0.56
20 790 4.30 1.84 029 117 0.58
40  7.96 4.32 1.84 029 120 0.58
60 799 433 1.85 029 121 0.58
CY-4 1799.99 m 02 722 3.88 1.86 030 097 045
Websterite 04 741 3.95 1.88 030 1.03 047
p = 3.02 g/eom® 06 749 4.00 1.87 030 1.05 048
¢ =02% 08 753 4.03 1.87 030 1.06 049
1.0 755 4.04 1.87 030 1.06 049
20 760 408 1.86 030 1.08 0.50
40 7.65 4.09 1.87 030 1.10 0.51
60 7.67 4.10 1.87 030 1.1t 05!
CY-4 1820.03 m 02 743 4.16 1.79 027 099 0.3
Websterite 04 7.50 4.23 1,77 027 099 0.55
p = 3.07 g/em? 06 753 4.27 1.76 026 099 0.56
¢ =02% 08 755 4.28 1.76 026 1.00 0.56
1.0 7.56 4.29 1.76 026 1.00 0.57
20  7.61 4.30 1.77 027 1.02 057
40 7.68 4.31 178 027 105 0.57
60 7.72- 43) .79 027 108 0.57
CY-4 1839.96 m 02 6.88 4.08 1.68 023 079 0.52
Olivine Websterite 04 721 4.12 1.7 026 092 053
p=3.14 g/em® 06 736 4.15 178 027 098 0.54
¢ =02% 08 74 4.17 1.78 027 , 1.0t 0.55
1.0 748 4.18 1.79 027 1.02 0.55
20 756 4.24 1.78 0.27 1.04 0.56
40 762 429 1.78 0.27 1.06 0.58
60 7.66 4.33 1.77 027 1.06 0.59
CY-4 1880.05 m 02 746 409 1.82 029 107 0.54
Olivine Websterite 04  7.62 4.19 1.82 028 LIl 057
p = 3.21 glem? 06 7.68 425 1.81 028 112 058
¢=01% 08 172 4.29 1.80 028 1.13 059
10 774 431 1.80 028 1.13 0.60
20 1781 4.35 1.79 027 LI5S 0.6]
40 787 4.38 1.80 028 117 0.62
60 790 4.39 1.80 028 1.18 0.62
CY-4 1899.94 m .02 729 4.10 1,78 027 097 0.53
Plagioclase Websterite 04 741 4.23 1.7 026 099 0.57
p = 3.17 g/em® 06 749 429 1.75 026 1.00 0.58
¢=0.1% ‘08 154 432 175 026 1.02 0.59
1.0 757 4.33 .75 026 1.03 0.60
20 764 436 1.75 026 1.05 0.60
40 7.67 437 1.75 026 1.06 0.61
60 7.68 4.38 1.75 026 1.07 0.6!
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| TABLE I: (cont.)

Sample P Vp Vs Vp/Vs ¢ K H
(kb) (km/s) (km/s) (Mb) (Mb)
CY-41919.98 m 02 732 41l 178 027 099 0.54
Olivine Websterite 04 739 420 176 026 100 057
p = 3.21 g/em? 06 744 424 175 026 101 058
¢$=01% 08 748 426 176 026 1.02 0358
1.0 752 427 176 026 1.03 059
20 762 430 177 027 1.07 0.60
40 767 433 177 027 109 0.0
60 767 434 177 026 1.09 0.6l
CY-4 1939.88 m 02 749 417 180 028 1.04 055
Websterite 04 768 427 180 028 110 0538
p =316 g/cm? 06 777 432 180 028 112 059
¢ =02% 08 780 436 179 027 113 0.0
1.0 783 438 179 027 113 06!
20 787 443 178 027 114 062
40 792 445 178 027 L15 0.63
60 794 447 178 027 116 0.63
CY-4 1960.08 m 02 755 420 180 028 1.05 0.55
Plagioclase Websterite 0.4  7.63 4.26 .79 027 1.07 057
p =3.13 g/em? 0.6 7.68  4.29 179 027 1.08 0.8
¢=01% 08 771 430 179 027 1.09 058
1.0 773 431 179 027 110 058
20 777 433 180 028 L1105y
40 780 435 179 027 112 059
60 7.81 436 179 027 113 0.60
CY-4 2000.00 m 02 17178 419 1.8 030 117 055
Olivine Websterite 04 7.88 425 186 030 120 057
p=3.14 giem? 06 793 428 185 029 121 058
¢=02% 08 797 430 185 029 122 058
1.0 799 432 185 029 123 059
20 806 437 184 029 124 0.0
40 811 4.4l 1.84 029 126 0.61
60 814 444 183 029 126 0.62
CY-42039.81 m 02 771 430 180 028 110 0.58
Olivine Websterite 04 782 433 1.8t 028 1.14 059
p =315 g/em? 06 787 435 181 028 116 0.60
$=01% 08 791 436 181 028 117 060
1.0 793 437 181 028 118 0.60
20 798 440 182 028 120 06!
40 803 44] 1.82 028 122 06!
60 806 442 182 029 123 062
CY-42079.89 m 02 7.61 412 185 029 LII 053
Websterite 04 773 422 183 029 114 056
p = 3.14 g/em® 06 779 426 183 029 115 057
¢=02% 08 782 428 183 029 116 058
10 7.8 430 183 029 116 0.8
20 789 433 182 028 117 059
40 793 436 182 028 LI8 0.60
60 795 438 181 028 1.19 06l
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TABLE 1: (cont.)

Sample P Vp Vs Vp/Vs @ K ]
(kb) (km/s) (km/s) (Mb) (Mb)
CY-42119.86 m 02 7.62 4.23 1.80 028 111 058
Olivine Websterite 0.4  7.82 432 1.81 028 1.18 0.61
p = 3.24 g/em® 06 792 438 181 028 120 0.62
¢=0.1% 08 797 441 1.81 028 122 0.63
1.0 8.00 443 1.81 028 123 064
20 8.10 448 1.81 028 126 0.65
40 820 4.53 1.81 028 130 0.67
60 825 4.55 1.81 028 132 0.67
CY-4 215983 m 02 753 4.02 1.87 030 1.10 0.5!
Olivine Websterite 04  7.59 4.08 1.86 030 111 052
p =3.13 gfem? 06 1762 4.12 1.85 029 111 053
¢ =0.2% 08 7.64 4.15 1.84 029 111 054
1.0 7.66 4.17 1.84 029 111 0.55
20 17 422 1.83 029 112 0.56
40 1775 425 1.82 029 113 057
60 7.78 427 1.82 028 1.14 057
p = density; ¢ = porosily.
70

TABLE 2. Compressional Wave Vclocities (Vp)
and Anisotropies at 2 kb Confining Pressure

Rock

Vp Vp

(horiz.) (vert.)  Anisotropy

km/sec km/sec

Gabbro, 1140m
Websterite, 1893m

Websterite, 1910m

684 . 7.2 4.0%
7271 158 1.7%

718 160  23%
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Figure 3: Comparison of CY-4 ultramafic rock velocities
with histogram of Pacific upper mantle velocities (data
from Christensen, 1982).
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increase from 3.2 km/sec to 3.8 km/sec over the same
interval. The gradients reflect both decreasing porosity
and changes in secondary mineralogy caused by increasing
metamorphic grade with increasing depth. Average
porosities of dike rocks from the top of the drill hole are
3% whereas near the base of the sheeted dike section,
porosities are generally less than 1% (Table 1). The
uppermost dikes are primarily plagioclase-pyroxene rocks
with less than 10% secondary minerals. With increasing
depth, chilorite, laumontite, actinolite, epidote and
homblende become abundant in thin section. Note that
compressional wave velocities for samples near the base of
the sheeled dike section exceed the 6.69 km/sec average
Layer 3 velocity of Raitt (1963).

The second interval of seismic interest extends from
630 m 10 950 m. This zone consists of high level gabbro
commonly containing amphibole. In addition, some dikes
occur in the upper 100 m of this zone. With increasing
depth, velocities first increase then decrease 10 6.5 km/sec
and 3.6 kmssec for Vp and Vs, respectively, at
approximately 800 m. The velocity reversals originate
from alteration of plagioclase and partial replacement of
pyroxene by fibrous amphibole caused by deuteric
alteration of the gabbro. Also within this region are dikes
and sills of plagiogranite which have low velocities and
densities (Christensen, 1977). No velocities  were
measured for the Troodos plagiogranite since only a small
volume was encountered in the drill hole.

The third zone, extending from depths of 950 m to
1750 m, consists of relatively fresh pyroxene gabbros
containing minor amphibole, olivine and serpentine. The
gabbros within this region have remarkubly uniform
velocities with compressional and shear wave velocities
averaging 7.2 km/sec and 4.0 km/sec, respectively. The
velocities reported in Table 1 and shown in Figures | and 2
are for horizontal wave propagation. Petrographic
examination of thin sections over this depth interval shows
significant plagioclase orientation which produces some
anisotropy. Plagioclase is oriented with (010) normals
near vertical, which would produce fast compressional
wave velocities for verticul wave propagation (Ryzhova,
1964). The velocity measurements presented in Table 2
for a gabbro sampled at 1140 m show that the resulting
anisolropy is approximately 4%.

The lowest zone, extending from a core depth of
1750 m to the bottom of the hole, consists of ultramafic
rocks. Lithologies are predominantly websterite and
olivine websterite cut by diubase dikes. Although the
rocks in this interval are quite fresh, serpentine is locally
present. The 7.7 to 7.8 km/sec compressional wave
velocities in this section are lower than many repored
oceanic Pn velocities, but clearly fall within the range of
observed upper mantle velocities (Figure 3). The sharp
transition from gabbro to pyroxenite produces a major
refractor for compressional waves. The shear wave
velocity discontinuity, however, is not as abrupt (Figures 1
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and 2). In addition, anisotropy in the ultramafic section is
low (Table 2) compared to anisotropies observed in
ultramafic rocks believed 1o have originated from the
oceanic upper mantle (Christensen, 1984).

SUMMARY AND CONCLUSIONS

The velocity structure of the Troodos ophiolite us
determined from laboratory studies is similar in many
ways to that of normal oceanic crust. Rock velocities from
the upper 700 m of the drill hole show strong positive
gradients similar to those in oceanic crustal Layer 2. Near
the base of the sheeted dikes an abrupt change of the
velocity gradient could be interpreted as the boundary
between Layers 2 and 3. Compressional wave velocities in
the gabbroic section average approximately 7.0 km/sec, n
reasonable agreement with logging data from the hole (6.7
10.3 kmy/s; Salisbury and Christensen, 1985) and with the
many reported refraction velocities for Oceanic Layer 3.
The major discontinuity at 1750 m depth, which separates
overlying gabbros from ultramafic rocks, is similar 1o the
oceanic Mohorovicic discontinuity, as defined by seismic
studies. The petrologic Moho, which separates cumulate
ultramafic rocks from underlying ultramafic tectonites,
was not sumpled by drilling and presumably lies decper in
the section.

There are, however, important differences between
the structure of the CY-4 section and normal oceanic crust.
These differences may be common in oceanic crust formed
in an arc environment. Of major significance is the
thickness of the gabbroic section commonly equated with
Oceanic Layer 3. Average in situ Layer 3 thicknesses
range between 4 and 5 km (Raitt, 1963; Christensen and
Salisbury, 1975), whereas the apparent thickness of Layer
3 in drill hole CY-4 is only | km. The measured velocities
in the underlying ultramafic section are clearly too high w
be equated with Oceanic Layer 3, even if one assumes the
presence of a high velocity basal Layer 3B as proposed by
Sutton et al. (1971), but later questioned by Lewis and
Snydsman (1977). Finally, the pyroxenite section from
CY-4 does not show the strong azimuthal anisotropy
commonly observed in the oceanic upper mantie. Since
recovery lextures become increasingly abundant toward
the base of the hole, strongly anisotropic ultramalic
tectonics may well exist deeper in the section.
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