
8. SITE 6701 

Shipboard Scientific Party2 

HOLE 670A 

Date occupied: 12 June 1986, 0130 L 
Date departed: 16 June 1986, 1700 L 
Time on hole: 4 days, 15 hr, 30 min 
Position: 23°09.995'N, 45°01.930'W 
Water depth (sea level; corrected m, echo-sounding): 3615.2 
Water depth (rig floor; corrected m, echo-sounding): 3626.3 
Bottom felt (m, drill pipe): 3625 
Distance between rig floor and sea level (m): 11.1 
Penetration (m): 92.5 
Number of cores: 10 
Total length of cored section (m): 92.5 
Total core recovered (m): 6.52 (includes 1.5 m of drill cuttings) 
Core recovery (%): 7.0 
Sediment: washed through approximately 6.4 m of sediment 
Basement: 

Depth sub-bottom (m): approximately 6.4 
Nature: serpentinized harzburgite, clinopyroxene-bearing harzburg

ite, serpentinites, minor amounts of hyaloclastites, and basalt in 
top of section 

Velocity range (km/s): average velocity, 3.97 
Principal results: JOIDES Resolution occupied Site 670 on the western 

flank of the Mid-Atlantic Ridge rift valley from 12 to 16 June 1986. 
The site was selected on the basis of survey work done concurrently 
by the ALVIN submersible, which had identified a body of serpen-
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tinized peridotites several square kilometers large on the lower west 
wall of the median valley near 23°10'N. This seemed to be an ideal 
site to test unsupported spudding and coring capabilities in a differ
ent type of lithology, after the unsuccessful attempt on the gabbros 
of Site 669. 

Hole 670A, at 23°09.9'N, 45°01.9'W, in 3625 m of water, was 
established using a positive-displacement coring motor (PDCM) and 
a television-sonar system for monitoring drilling operations. The 
serpentinite was overlain by about 5-7 m of sediment. The PDCM 
system was used to advance the hole 35.7 m into serpentinite before 
tripping to the surface. Recovery was 0.75 m. Using the television-
sonar system, we then tripped a rotary coring system (RCB) into the 
hole, reentering a 1.2- x 2.5-m crater formed in the sediment by the 
PDCM. Eight cores were cut by the RCB, advancing the hole to a to
tal depth of 92.5 mbsf and recovering 5.77 m of serpentinites. A to
tal of 6.52 m of core was recovered from Hole 670A; recovery varied 
between 2% and 17%. 

Drilling at Site 670 demonstrated the feasibility of spudding on a 
lightly sedimented surface, starting a hole using an unsupported PDCM, 
making a successful reentry without the aid of a reentry cone, and 
coring nearly 100 m in a body of serpentinized peridotites. In fault-
dominated areas, such as fracture zones, the use of unsupported 
spudding techniques should allow the in-situ sampling of serpentin
ite outcrops to a depth of as much as 100 mbsf. 

Hole 670A is one of the few sections of oceanic mantle drilled to 
date in the oceans. The rocks recovered are serpentinized upper-
mantle peridotites composing clinopyroxene-bearing harzburgites and 
abundant relicts of the four-phase primary assemblages (olivine, or
thopyroxene, clinopyroxene, and chromium-spinel), showing a down
ward decrease in serpentinization, the first few meters being totally 
serpentinized. These mantle rocks exhibit a strong, high-temperature 
foliation of the primary phases, macroscopically marked by the flat
tening and stretching of the orthopyroxene porphyroclasts and chro-
mite grains. The tectonic fabric developed in Hole 670A harzburg
ites shows that they were penetratively deformed by plastic flow at 
high temperature. Another prominent feature of these peridotites is 
the occurrence of abundant crosscutting veins of serpentine and cal
cite and the local development of serpentine breccias or shear zones. 
Physical and magnetic properties of these mantle rocks appear to be 
strongly dependent on the degree of serpentinization. 

Several previously drilled holes near the Mid-Atlantic Ridge had 
yielded peridotite blocks and breccias interbedded with the lava flows 
of the upper crust. Site 670 offers a present-day example of how 
mantle rocks are exposed directly near the floor of the Mid-Atlantic 
Ridge rift valley. The mechanisms by which peridotite can be em
placed on the seafloor without basalt cover and immediately adja
cent to an active, spreading volcanic axis remain unclear and obvi
ously deserve further studies. 

BACKGROUND AND OBJECTIVES 
A body of serpentinized peridotite several square kilometers 

in area was discovered cropping out on the lower west wall of 
the median valley near 23°10'N during the dive program con
ducted by the submersible ALVIN concurrently with Leg 109 
drilling. The area consisted of moderately sedimented terrain of 
low relief and scattered outcrops. 

The notice of this discovery, immediately transmitted to the 
JOIDES Resolution, raised considerable interest among the sci
entific party. Several previously drilled holes near the Mid-At
lantic Ridge (MAR) had recovered peridotite blocks and brec
cias interbedded within the lava flows of the upper crust or lo
cated just below them. This was true during DSDP Legs 37, 45, 
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and 82; for instance, boulders and cobbles of serpentinized 
peridotite were recovered about 100 m below the top of base
ment in DSDP Holes 395 and 395A, about 60 nmi west of the 
MARK area. The common occurrence of serpentinized peri
dotite blocks and breccias in Atlantic crust suggests that out
crops of upper-mantle material may occur within the MAR rift 
valley close to the axis of accretion. For the first time, we had 
the opportunity to study such an occurrence in situ on the inner 
floor of the rift valley. 

Seismic-refraction data reported by Purdy and Detrick (1986) 
suggest the existence of a major structural discontinuity be
tween 23°08'N and 23°18'N, separating normal layer 2 to the 
south from thinned layer 2 crust to the north in the floor of the 
median valley. In this "anomalous" zone, both the central valley 
axis and the western valley walls are deeper than normal (Fig. 
1). The absence of distinct rift mountains to the west, the con
fused topography within the rift valley, and a reduction in am
plitude of the central magnetic anomaly at this latitude suggest 
that this zone may represent a "zero-offset" transform or bound
ary between two distinct spreading-center cells (Purdy and De
trick, 1986). 

Thus, it appeared that we had both scientific and technologi
cal reasons for drilling these peridotites: 

1. We could learn more about the structures, petrology, and 
emplacement of these peridotites and have an opportunity to 
compare them with those drilled previously in other DSDP sites 
close to the Mid-Atlantic Ridge. 

2. We had a potential opportunity to constrain better the tec
tonic history and accretion processes for that anomalous area. 
The mechanisms by which peridotite is emplaced and exposed 
without basalt cover adjacent to an active, spreading volcanic 
rift deserve detailed studies. 

3. Investigations here could help clarify the possible influ
ence of this material on the magnetic-anomaly shift on the west 
side of the valley. 

4. From a technological point of view, this seemed to be an 
ideal place to test unsupported spudding and coring capabilities 
in another lithology typical of that likely to be encountered in 
future drilling in or near a major fracture zone. 

Hole 670A was drilled on an eastwardly dipping gentle slope 
(Fig. IB), almost midway between Sites 648 and 649, about 
5 km west of the central volcanic axis of the median valley 
within this anomalous zone in the rift valley. Figure 2, based on 
the submersible observations (Karson et al., in press), shows a 
tentative interpretation of the tectonic setting of the peridotite 
body and Site 670. 

OPERATIONS 

Coring with an Unsupported Bottom-Hole Assembly 
Site 670 was selected on the basis of survey work done by the 

ALVIN submersible, while logging was being done by the Leg 
109 scientific party at Hole 395A. According to navigational co
ordinates determined by the ALVIN scientific party, the ship 
was located at Site 670 upon completion of operations at Hole 
395A. 

A PDCM established Hole 670A. Owing to the extensive 
bottom survey done by the ALVIN, conducting a site survey 
with the television-sonar system was not necessary. The drilling 
assembly was run into the hole, and the television-sonar system 
was lowered on the drill pipe. The bit was lowered to the sea
floor, and a sonar reflector was released from the television 
frame at the desired drilling location. 

Utilizing the television-sonar system for monitoring drilling 
operations, we efficiently spudded Hole 670A with the unsup

ported PDCM drilling assembly. Five to seven meters of sedi
ment was penetrated before any weight was taken on the bit. 
The seafloor depth was established at 3625 m below rig floor 
(mbrf). 

Drilling parameters were maintained as follows: 2000-4000-lb 
weight on the bit, 456 gal/min flow rate through the motor, 650 
psi stand-pipe pressure, and 100-110-rpm bit speed. The PDCM 
ran effectively and provided adequate torque for coring the peri
dotite formation. 

An interval from 0 to 35.7 mbsf was cored with the PDCM 
system. Core barrel number 1 (Core 109-670A-ID) was recov
ered without any mechanical problems with the core barrel or 
latch assembly. When the second core barrel was retrieved, two 
latch fingers were found to be broken off in the motor. The con
nection between the upper and lower core barrel had failed, also 
leaving the lower core barrel still in the motor. The PDCM drill
ing assembly was tripped out of the hole and laid down. A total 
of 0.75 m of core was recovered with the PDCM system in Hole 
670A (Table 1). 

A rotary-coring system (RCB) was picked up and tripped into 
the hole. Using the television-sonar system on the drill pipe, we 
successfully reentered Hole 670A. The crater was approximately 
1.22 x 2.5 m and was filled with bentonite mud. Upon lowering 
the television-sonar system to the seafloor, we received a sonar 
return of the reflector. The crater of Hole 670A was then sighted 
with the television. 

Reentry into Hole 670A was accomplished within 15 min. The 
bit was lowered 7 m into the hole and washed down to 12 mbsf 
with no weight on the bit. When coring passed 7 mbsf on the 
previous bit run, a 2000-4000-lb weight on the bit was required, 
a positive indication that the RCB was in the original borehole. 

Eight cores were cut with the RCB in the hole interval from 0 
to 92.5 mbsf. Total recovery for these eight coring runs with the 
RCB was 5.77 m. Recovery ranged from 2% to 17% (Table 1). 
The lower recovery rate with the proven RCB may be attributed 
to jamming of core rubble in the core catchers. 

A total of 92.5 m of hole was cored in Hole 670A, and 
6.52 m of core was recovered. 

Conclusions 
The PDCM has an adequate torque/weight ratio for spud

ding an unsupported hole into fractured basalt with voids (hol
low pillows), which helps to provide adequate bit confinement 
(Hole 648A). The PDCM does not appear to have an adequate 
torque/weight ratio for drilling into a gabbro-type formation 
with an unsupported bottom-hole assembly (BHA) (Hole 669A). 
In softer formations (such as peridotite), where 2000-6000-lb 
weight on the bit is required, the PDCM unsupported spudding 
technique is effective (Hole 670A). 

Before further deployment of the PDCM system, the core-
barrel and latch system will require further development and 
strengthening. The core-barrel wall thickness will need to be in
creased significantly to obtain adequate strength in the core-
barrel connections. 

The PDCM concept has proven to be a viable means of es
tablishing scientifically valuable boreholes in regions of the sea
floor having < 40 m of sediment. Before the development of the 
PDCM unsupported coring system, attempts to spud with con
ventional rotary-coring systems repeatedly resulted in BHA fail
ures. 

To date, 14 holes, with no BHA failures, have been spudded 
during Legs 106 and 109 at Sites 648, 649, 669, and 670, using 
both the positive-displacement drilling motors and the positive-
displacement coring motors. The holes have been established in 
a wide range of rock types, which includes young fractured ba
salts, gabbro, peridotite, and hydrothermal sulfide sediments. 
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Figure 1. A. Location of Site 670 on the western flank of the Mid-Atlantic Ridge rift valley. B. Enlargement of Sea 
Beam bathymetric chart around Site 670 (rectangle in Fig. 1A). Sea Beam map after Detrick et al. (1985). 
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Figure 2. Schematic east-west geological cross section across the median valley, passing through Site 670. Symbols: 1—neovolcanic zone; 2—older 
basaltic rocks; 3—serpentinized peridotites; 4—main normal faults. 

Table 1. Coring summary, Site 670. 

Core no. 

Hole 670A 

109-670A-1D 
109-670A-2D 
109-670A-3W 
109-670A-4W 
109-670A-5R 
109-670A-6R 
109-670A-7R 

a109-670A-8R/W 
109-670A-9R 

b109-670A-10W 

Date 
(June 1986) 

12 
12 
13 
14 
15 
15 
15 
15 
16 
16 
16 

Time 
on 

deck 

1730 
2400 
2330 
0730 
1215 
1715 
1930 
0100 
0645 
1000 

Total depths 
(m) 

3625-3631.4 
3631.4-3641.8 
3641.8-3660.7 

3632-3651.3 
3651.3-3670.2 
3670.2-3679.6 
3679.6-3689 

3689-3698.5 
3698.5-3708 

3708-3717.5 
3708-3714.5 

Sub-bottom 
depths 

(m) 

0.0-6.4 
6.4-16.8 

16.8-35.7 
7.0-26.3 

26.3-45.2 
45.2-54.6 
54.6-64.0 
64.0-73.5 
73.5-83.0 
83.0-92.5 
83.0-89.5 

Advanced 
(m) 

6.4 
10.4 
18.9 
0.0 
9.5 
9.4 
9.4 
9.5 
9.5 
9.5 
0.0 

Length 
cored 
(m) 

0.0 
10.4 
18.9 
19.3 
18.9 
9.4 
9.4 
9.5 
9.5 
9.5 
6.5 

Length 
recovered 

(m) 

0.18 
0.57 
0.24 
0.20 
1.60 
0.40 
0.58 
0.27 
0.98 
1.50 

Recovery 
(%) 

1.7 
3.0 

2.1 
17 
4.3 
6.1 
2.8 

10.3 

a Cored from 3698.5 to 3701.6 m, washed from 3676 to 3701.6 m, cored from 3701.6 to 3708 m. 
b Drill cuttings. 

Penetration rates varied considerably with the type of formation 
being cored or drilled. 

From experiences at Hole 670A, establishment of future bore
holes in selected formations having little or no sediment cover is 
feasible using the unsupported motor technology. After estab
lishing the hole, investigators can reenter the borehole with one 
of the conventional rotary-coring systems and core to the de
sired depth. 

LITHOSTRATIGRAPHY 
Hole 670A is situated on an eastwardly dipping, gentle slope 

on the western flank of the median valley approximately half
way between Sites 648 and 649. About 6.4 m of soft, unconsoli
dated sediment was washed using the PDCM before drilling 
through a further 86.1 m of serpentinized peridotite. 

A total of 6.52 m of serpentinized peridotite was recovered, 
including 1.5 m of drill cuttings. Recovery rates varied between 
1.7% and 17% (Table 1). The average recovery rate was 7.0%. 
The poor recovery makes it difficult to establish a precise litho
stratigraphic section through the basement. All the rocks recov
ered are variably serpentinized peridotites, ranging in degree of 
serpentinization from about 50% to 100%. Two main rock types 
can be recognized in hand specimen. These are (1) serpentinites 
with >75% serpentinization, which are dark bluish, veined, 
and exhibit relicts of orthopyroxene and chromite crystals; and 
(2) harzburgites, which are less serpentinized, greenish, and ex
hibit primary mantle deformation structures. 

The section can be roughly divided into four units, as shown 
in Figure 3, from top to bottom: (1) Unit 1, down to 46 mbsf, 
composed of serpentinized harzburgites, the percentage of ser
pentinization decreasing downward; (2) Unit 2, from 46 to 52 

mbsf, composed of dark serpentinites with distinctive tortoise-
shell texture, >95% serpentinized; (3) Unit 3, from 52 to 66.5 
mbsf, predominantly composed of greenish clinopyroxene-bear
ing harzburgites exhibiting a strong foliation defined by flatten
ing and stretching of orthopyroxene porphyroclasts and chro
mite grains; and (4) Unit 4, from 66.5 mbsf to the bottom of the 
hole, composed of mixed samples of greenish porphyroclastic 
serpentinized harzburgites and dark serpentinites with distinct 
"megamesh" and/or veined textures. This unit also includes in
tervals of thick fractures filled with fibrous asbestos. The last 
core (Core 109-670A-10W) recovered 1.50 m of fine drill cut
tings generally < 1 cm long, consisting mainly of serpentine 
fragments. These appear to be derived from lithologies similar 
to those observed uphole. 

PETROGRAPHY 
The petrographic description of the rocks from Site 670 is di

vided into two sections. The first section describes the variably 
serpentinized peridotites that constitute the predominant rock 
type recovered from Hole 670A. The second section deals with 
basalt rubble, recovered in Cores 109-670A-1D, 109-670A-2D, 
and 109-670A-3W, that evidently fell into the hole during the 
drilling operations; these upper cores contain several pieces of 
this rubble. 

Petrography of Ultramafic Rocks 
Two lithologic types can be recognized within the ultramafic 

rocks recovered from Hole 670A: serpentinite in Units 2 and 4 
(Fig. 3) and serpentinized harzburgite in Units 1 and 3. Modal 
data on the peridotites are presented in Table 2. Primary miner
als are present in various stages of preservation; some are fresh 
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Figure 3. Proposed lithostratigraphy of Hole 670A. Stratigraphic position of each core is shown. 

and some are pseudomorphs that allow identification of the pri
mary mineralogy. Primary silicate minerals in the serpentinite 
were entirely replaced by serpentine + talc or by serpentine + 
talc + tremolite assemblages. These rocks may have been du
nites. Olivine, orthopyroxene, clinopyroxene, and chrome spinel 
are present in various stages of preservation in the serpentinized 
harzburgite. 

Serpentinized Harzburgite 
Partly serpentinized harzburgite was recovered in several cores 

at Hole 670A. In contrast to the almost complete replacement 
of primary minerals in serpentinites recovered in Hole 670A (see 
next section), three- and four-phase primary mineral assemblages 
are preserved in the fresher harzburgites. The following samples 
contain less altered harzburgite: Core 109-670A-4W-1 (Pieces 3 
and 4), Section 109-670A-5R-1 (Pieces 1 and 2); Section 109-
670A-5R-2 (Pieces 9 through 19); Core 109-670A-6R-1 (Pieces 1 
through 7); Core 109-670A-7R-1 (Pieces 1 through 5); Core 109-

670A-8R/W-1 (Pieces 1 through 5); Core 109-670A-9R-1 (Pieces 
1 and 12). Most samples were recovered from Lithologic Unit 2, 
in the depth interval between 52 and 66.5 mbsf (Fig. 3). The pe
trography of the partly serpentinized harzburgites is described 
next, and a discussion of their significance is presented. 

Modal Proportions 
A modal analysis (1000 points counted on a 0.5-mm grid) of 

Sample 109-670A-4W-1, 19-21 cm, yields the following results: 
45% serpentine, 35% olivine, 5% bastite, 8% orthopyroxene, 
2% clinopyroxene, < 1 % tremolite, 1% spinel, 1% magnetite, 
and 3% talc. To reconstruct the primary, preserpentinization 
modal abundances of the harzburgites, the secondary minerals 
must be assigned to their precursor phases. Most of the serpen
tine occurs as a mesh-textured replacement of olivine, indicat
ing that modal serpentine should be assigned to primary olivine 
in the reconstructed mode (see "Serpentinite" section, this chap
ter). Bastite, prismatic tremolite, and talc coronas replace or-
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Table 2. Modal mineralogy of samples from Hole 670A. 

109-670A-1D-1, 109-670A-2D-1, 109-670A-3W-1, 109-670A-3W-1, 109-670 A-4W-1, 109-670A-5R-1, 109-670A-5R-1, 109-670A-5R-2, 109-670A-6R-1, 109-670A-7R-1, 109-670A-9R-1, 
Sample 19-21 cm 45-47 cm 12-14 cm 19-20 cm 19-21 cm 111-113 cm 126-128 cm 52-54 cm 4-6 cm 43-45 cm 107-109 cm 

Primary mineralogy 

Olivine present 0 0 0 0 35 0 0 0 20 0 0 
original 89 88.5 70 3 85 95 99 >90 85 80 90 

Plagioclase present — — — — — — — — — — — 
original 0 0 0 2-3 0 0 0 0 0 0 0 

Clinopyroxene present < l t r — — 2 — — — 2 — — 
original 2 1 0 4-5 3 0 0 0 2 ? ? 

Orthopyroxene present l t r 0 — 8 0 — 1 9 — 5 
original 8 10 28 0 11 4? ? 5-10 12 ? 10 

Spinel present 1 0.4 2 — 1 tr <0.5 <0.5 < 1 tr — 
original 1 0.5 2 0 1 1 1 <0.5 < 1 1 ? 

Glass present — — — 0 — — — — — — — 
original 0 0 0 90 0 0 0 0 0 0 0 

Secondary mineralogy 

Serpentines: 
Chrysotile 3 2 2 0 1 2 7 2 2 10 5 
Lizardite 65 77.6 68 0 44 78 79 72 64 50 9 
Antigorite — — — 0 — 10 8 15 — 20 12 

Bastite 10 12 26 0 5 — — — 2 — 8 
Tremolite — tr — 0 < 1 2 — tr — 5 30 
Actinolite — — — 65? — — — — — — — 
Pargasite <1? — — 0 — — — — — — — 
Talc 5 3 <0 .5 0 3 5 4.5 3 < 1 — — 
Chlorite 2 — — 0 — — tr 2 — 10 30 
Clays _ _ _ 5 _ _ _ _ _ _ _ 
Zeolites 0 0 0 30 0 0 — — — — — 
Carbonates l t r 1 — — — — — — — ? 
Magnetite 9 5 1 0 1 3 1 4.5 1 5 1 
Iron hydroxides — 1 — — — — — — — — — 
Sulfide — — — tr — — tr — — — — 

Note: Modes are visual estimates of thin sections. 
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thopyroxene; thus, these minerals are assigned to orthopyrox
ene. Most magnetite occurs as a replacement for spinel and is 
assigned to that primary phase. The resulting estimate of pri
mary modal proportions in the harzburgite is 85% olivine, 12% 
orthopyroxene, 2% clinopyroxene, and 1% spinel. If a change 
in volume accompanied serpentinization, this reconstructed mode 
will be in error, overestimating the modal abundance of olivine. 

Textures 
Textures of Hole 670A harzburgites fall in the porphyroclas

tic category defined for upper-mantle peridotites by Mercier and 
Nicolas (1975). This type of texture shows strained porphyro
clasts of olivine, pyroxene, and spinel surrounded by a matrix 
of polygonal olivine having recrystallized grain boundaries. 

Olivine 
Olivine in Hole 670A harzburgites occurs as xenomorphic 

fragments (0.04-0.5 mm) embedded in a matrix of mesh-tex
tured serpentine (Fig. 4). Isolated grains representing the remains 
of single olivine crystals have similar interference colors and ex
tinguish simultaneously under crossed polarized light. These 
groups of crystals with a similar optical orientation are 0.8-
1.2 mm across, which gives an estimate of the original olivine 

Figure 4. Small fragments of olivine surrounded by lizardite in left half 
of field of view. At lower left is a clinopyroxene porphyroclast with 
granulated margins. Sample 109-670A-6R-1, 4-6 cm. Plane polarized 
light. Field of view = 3 mm. 

grain size. Undulatory extinction is common in olivine, and 
kink bands are observed in some grains. In one sample (109-
670A-4W-1, 19-21 cm), a large proportion of the olivines are 
oriented with their optic axes perpendicular to the plane of the 
thin section. This indicates that olivine in this harzburgite has a 
preferred crystallographic orientation, with the c axes lying in 
the plane of the thin section. Olivine compositions of Fo90 are 
estimated from conoscopic observations of centered optic axis 
figures. 

Orthopyroxene 
Orthopyroxene grains (0.8-8 mm) in the harzburgites are round 

to elliptical, or more rarely rectangular (Fig. 5). The long axes 
of elongate orthopyroxenes define a foliation that is inclined ap
proximately 20° from horizontal (Fig. 6). Clinopyroxene exsolu
tion lamellae are present in most orthopyroxenes and are pre
served even in bastite pseudomorphs of orthopyroxene. Evidence 
of internal deformation is given by undulatory extinction, gent
ly bent cleavage traces, and exsolution lamellae in orthopyrox
ene. Grain boundaries of larger orthopyroxenes may be granu
lated. Some small neoblasts of strain-free recrystallized orthopy
roxene are found in the granulated zones. Some orthopyroxenes 
show faint pink pleochroism. 

Figure 5. Large orthopyroxene porphyroclast at right and a smaller frag
ment of orthopyroxene in center of field of view. The smaller fragment 
probably derives from the porphyroclast. Fragments of olivine are at 
left. Sample 109-670-6R-1, 4-6 cm. Plane polarized light. Field of 
view = 3 mm. 

209 



SITE 670 

cm 
1391— 

140 

141 

142 

143 — 

144 — 

145'— 

Figure 6. Oriented Sample 109-670A-5R-2, 139-145 cm. The top of the 
sample is at the low end of the centimeter scale. Elliptical gray orthopy
roxene porphyroclasts are contained in a matrix of serpentinized olivine. 
A foliation is defined by the preferred dimensional orientation of the 
porphyroclast long axes and is inclined approximately 20° to the hori
zontal. 

Clinopyroxene 
Clinopyroxene grains (0.1-1.4 mm; Fig. 4) are rounded, some 

showing undulatory extinction, and commonly are gently warped. 
Grain boundary granulation affects some of the larger clinopy
roxenes, and small clinopyroxene neoblasts appear in the granu
lated zones. Exsolution lamellae of orthopyroxene are found in 
clinopyroxene. 

Spinel 
In 30-/im-thick thin sections, spinel (0.04-3.0 mm) is reddish 

brown; in thinner sections it is brownish green to olive green. 
Spinel is blocky to elongate or elliptical. The long axes of elon
gate spinels define a foliation coplanar with that defined by 
orthopyroxene. 

Constraints on Formation Conditions 
The tectonite fabric developed in Hole 670A harzburgites shows 

that they were penetratively deformed at high temperatures. The 
preferred dimensional orientation of enstatite and spinel and 
the preferred crystallographic orientation of olivine probably re
sulted from a combination of plastic flow and Syntectonic re
crystallization under upper-mantle conditions (Casey et al., 1981). 
Similar fabrics have been produced experimentally at tempera
tures of 1000°-1150°C, pressures of 10-15 kbar, and strain rates 
of I 0 - 6 to I 0 - 7 s _ 1 (Ave Lallemant, 1975). These types of pet-
rofabrics also have been found in other studies of ocean-floor 
(Boudier, 1978) and ophiolitic (Casey et al., 1981) peridotites. 

The primary mineral assemblage in fresh harzburgites of 
Hole 670A is olivine + orthopyroxene + clinopyroxene + spi
nel. Experiments on synthetic mantle compositions have shown 
that spinel peridotite is stable at pressures between approximately 
10 and 20 kbar (Green and Ringwood, 1967; Presnall et al., 

1979). Below 10 kbar, plagioclase replaces spinel as the stable 
aluminous phase, and plagioclase peridotite results (olivine + 
orthopyroxene + clinopyroxene + plagioclase). Concentrations 
of minor elements (e.g., chromium) can cause significant shifts 
in the pressure limits of these intervals. However, as a first ap
proximation, these data suggest that equilibrium among the pri
mary minerals in Hole 670A harzburgites was last established at 
pressures between 10 and 20 kbar, equivalent to depths of 30-60 
km. 

Discussion 
Two general types of ultramafic rock were recovered from the 

seafloor, the most abundant being tectonites that are penetra
tively deformed and of presumed upper-mantle origin (Prinz et 
al., 1976; Bonatti and Hamlyn, 1981; Michael and Bonatti, 1985). 
In many places, the chemistry of ultramafic tectonites suggests 
that they are residues of partial melting and extraction of a ba
saltic melt from the suboceanic upper mantle. At present, such 
an origin appears likely for the Hole 670A peridotites. Ultra
mafic cumulates are less common (Hodges and Papike, 1976) 
and are primarily wehrlite and dunite rather than harzburgite. 
These rocks are thought to crystallize from basaltic magmas in 
the basal parts of spreading-ridge magma chambers. 

Deformed ultramafic peridotites were recovered at DSDP Site 
395, approximately 100 km west of Site 670A. Mineral composi
tions in these peridotites are olivine Mg/(Mg + Fe) = 89.9-
91.3; orthopyroxene Mg + + = 89.7-91.2; clinopyroxene Mg + + = 
90.7-91.9; and spinel Cr/(Cr + Al) = 28-43 (Arai and Fujii, 
1979; Sinton, 1979). Given the well-known monotony of min
eral compositions in residual mantle rocks, Hole 670A perido
tites probably contain minerals with similar compositions. 

Two samples, 109-670A-1D-1, 19-21 cm and 109-670A-2D-1, 
45-47 cm, were analyzed for major and trace elements (Table 3). 
These analyses reflect both the primary geochemical character
istics and the serpentinization processes. The very low CaO and 
A1203 contents characteristic of these mantle rocks (Miyashiro 
et al., 1969) were lowered further during serpentinization. The 
Ti02 is presumably preserved in the unaltered spinel crystals, 
and its abundance in the harzburgite is similar to the measured 
abundance in other ocean-floor harzburgites. The low abun
dance of the less mobile trace elements, yttrium and zirconium, 
and the high nickel contents indicate that the Hole 670A harz
burgites are depleted residues from prior melting events. 

Table 3. Whole-rock analyses, Hole 670A. 

Analysis Sample 109-670A-1D-1, 19-21 cm 109-670A-2D-1, 45-47 cm 

Si02 
Ti0 2 
A1203 

aFe 20 3* 
MnO 
MgO 
CaO 
Na 2 0 
K 2 0 
p2o5 
Total 
Mg' value 

Rb 
Sr 
Y 
Zr 
Nb 
Ni 

44.57 
0.05 
1.54 
9.79 
0.20 

41.01 
0.96 
0.05 
0.02 
0.00 

98.17 
0.892 

1.5 
12 
0.8 
3.6 
1.3 

2380 

44.10 
0.06 
1.87 
9.36 
0.11 

42.75 
0.22 
0.00 
0.00 
0.00 

98.47 
0.90 

1.8 
7.7 
0.6 
1.7 
1.4 

1985 

a Total Fe analyzed as Fe203 . 
Mg' value calculated from molar MgO/(MgO + FeO), whereas 

Fe2 + / (Fe 2 + + Fe3 + ) * 0.9. 
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Serpentinite 
The serpentinite recovered in Cores 109-670A-5R, 109-

670A-7R, and 109-670A-9R consists of 90%-95% serpentine 
minerals and 5-10 modal percent relict primary orthopyroxene 
and spinel porphyroclasts. The primary mineralogy was 90%-
95% olivine, so the rock was probably a dunite that was altered 
extensively, because its fine grain size and polygonal texture pro
vided pathways for fluid migration. Layers of equant chromite 
grains form seams at the top and bottom of Sample 109-670A-
5R-1, 120-144 cm (Fig. 7) and may be relict chromite-rich layers 
of a dunite protolith. 

The substantial variability in the macroscopic textures of the 
serpentinite is controlled by the proportion of alteration miner
als. Fractures crosscut the serpentine and give rise to a charac
teristic tortoise-shell or "megamesh" texture (Figs. 7 through 9). 
The textural variability is controlled by two elements. 

The first of these elements is a ring-shaped to ellipsoidal re
placement texture, which is defined by variations in the propor
tions of alteration minerals in serpentine. The rings are formed 
by alternating lizardite-rich (black) and talc + antigorite-rich 
(light) bands. This replacement texture in Sample 109-670A-5R-1, 
120-144 cm (Fig. 7) is defined by talc-rich central cores and al
ternating lizardite-rich and talc-rich layers; five alternating in
tervals can be seen in the rings of this sample. These rings were 
formed by fluid-wall-rock interactions, which produced varia
ble percentages of serpentine and talc minerals in response to 
changes in the temperature and/or activities of C0 2 , HzO, and 
Si02 in the fluid phase. The conformity of the rings to the exter
nal fracture pattern indicates that the texture was formed by 
fluid infiltration along a replacement front that proceeded in
ward from the fractures. In some samples (109-670A-5R-2, 11-
17 cm, Fig. 8), the latest stage of replacement involved the for
mation of lizardite, and the outer edge of the tortoise-shell tex
ture is black. In other samples (109-670A-5R-1, 47-57 cm, Fig. 
9), the lizardite boundary is thin, and a talc-rich assemblage 
dominates the texture. These complex variations in the replace
ment assemblage indicate substantial spatial variability in the 
metasomatic process that produced the tortoise-shell texture. 
Moreover, this replacement texture appeared secondarily after a 
pervasive serpentinization event that resulted in the formation 
of lizardite. 

The second element that defines the tortoise-shell texture is a 
late-stage vein filling by antigorite and chrysotile on the fracture 
surfaces. The late-stage veining, which accompanied a late de
formation of the serpentinite and is variably developed in the 
cored interval, is well developed in Sample 109-670A-5R-1, 47-
57 cm (Fig. 9). 

Complete textural gradation from ring-dominated (Fig. 8) to 
fracture-filling-dominated serpentinite occurs (Fig. 9). In some 
places, the lizardite that preceded the development of the tor
toise-shell replacement is also preserved. A final stage of chrys
otile veining cuts all the textural elements. 

Serpentinites from Core 109-670A-7R-1 (Pieces 7A-7F) were 
disrupted by shearing and an accompanying higher grade meta
morphism. This serpentinite is characterized by a cataclastic 
texture composed of lizardite, talc + antigorite and chrysotile 
domains, which have reaction overgrowths of tremolite + chlo
rite + carbonate. Centimeter-thick veins of massive serpentine 
(chrysotile?) define probable fault zones in this cataclasized zone. 

Petrographic Features Observed in Thin Section 
Preliminary macroscopic and thin-section petrography reveals 

a process of serpentinization that proceeded in at least four 
stages: 

1. Pervasive serpentinization. The first stage of serpentini
zation, a pervasive hydration of the primary phases, is seen in 
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Figure 7. Tortoise-shell texture in serpentinite, Sample 109-670A-5R-1, 
120-143 cm. Chromite-rich seams appear in the bottom and top parts of 
this core. 
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Figure 8. Ellipsoidal replacement texture in serpentinite, Sample 109-
670A-5R-2, 10-17 cm. A delicately banded lizardite-rich outer rim dom
inates the texture. White ellipses are talc rich. 

various states of advancement in the incompletely serpentinized 
harzburgites (see previous section). Olivine is the first phase to 
be completely replaced, then orthopyroxene, then clinopyrox
ene. Spinel is completely replaced in only one sample. The ma
jor serpentine group mineral formed during this stage is lizar
dite, replacing olivine and pyroxenes. Olivine pseudomorphs thus 
formed are characterized by polygonal mesh and hourglass tex
tures centered on structureless cores of lizardite (Fig. 10). Mag
netite seams, 0.1-0.3 mm thick, occur at the boundaries of the 
mesh-textured polygons, taken to represent the outlines of origi
nal olivine neoblasts 0.2-2.8 mm in diameter. Outer rims of these 
pseudomorphed neoblasts are composed of fibrous chrysotile, 
which is colorless to pale brown in plane light and has a dis
tinctly higher birefringence than lizardite, laic may also occur 
rimming the olivine pseudomorphs, forming coronas 0.1-0.4 mm 
thick. Talc is flaky in appearance and has a much higher bire
fringence than the other phases. The olivine pseudomorphs are 
cut by late-stage chrysotile veinlets with magnetite-rich seams in 
the wall rock. These veinlets may form an anastomosing net
work or may be deformed along shear zones. 

Orthopyroxene and clinopyroxene are also pseudomorphed 
by a variety of lizardite termed bastite (Fig. 11). The bastite 
mimics the (001) cleavages of the pyroxenes and is pale brown-
green in plane light. Bastite is commonly partly replaced by talc, 
which forms either coronas around the bastites or complex in
ter growths within the bastites. The bastite content (as much as 
26%) reflects the original total pyroxene content of the rock. 

Spinel is partly altered around the margins and along cracks 
to an opaque secondary phase, probably magnetite or ferrite-

Figure 9. Tortoise-shell texture in Sample 109-670A-5R-1, 46-57 cm, in 
which talc-rich concentric rims dominate. Fractures were disrupted and 
filled by antigorite during late-stage deformation. 

chromite, leaving red translucent cores of fresh spinel. In Sam
ple 109-670A-5R-1, 111-113 cm, spinel replacement is complete. 

2. Chrysotile formation. Extensive crystallization of chryso
tile in tensional cracks and fissures characterizes this stage (Fig. 
12). The fibrous chrysotile is commonly perpendicular to the 
fissure walls, indicating dilation of the fissures during crystalli
zation (Riordon, 1955). Magnetite occurs as a coating or within 
the immediately adjacent wall rock. A few of the chrysotile vein
lets are slightly sheared, so that the fibers are at acute angles to 
the veinlet walls. 

3. Antigorite formation. Localized shearing oblique to the 
primary foliation of the rock characterizes this stage. The devel
opment of irregular shear zones 0.5-1 cm thick is accompanied 
by wholesale recrystallization of lizardite and chrysotile to an
tigorite with subordinate talc and carbonate. Antigorite appears 
to replace chrysotile preferentially (Fig. 13). As much as 10% of 
the antigorite is in the form of plates, the remainder being made 
up of interlocking 0.3-0.6-mm flakes. No pseudomorphous tex
ture can be distinguished in the antigorite. Talc, chlorite, and 
carbonate (magnesite?) are intimately intermixed with the antig-
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Figure 10. Mesh and hourglass textures in Sample 109-670A-1D-1, 19-
21 cm. Polygonal olivine pseudomorphs are lined by magnetite seams 
and talc coronas. Crossed polars. Field of view = 3 mm. 

orite. The antigorite is commonly contorted, indicating reacti
vation of the shear planes. In some samples (e.g., 109-670A-5R-1, 
111-113 cm, and 109-670A-9R-1, 107-109 cm) as much as 30% 
fibrous tremolite and as much as 30% colorless magnesium chlo
rite is present, replacing antigorite (Fig. 14). 

4. Formation of second-generation chrysotile. This stage is 
characterized by late-stage tensional chrysotile veinlets, cutting 
all the previously described textures. About 10% of the chryso
tile veinlets belong to this stage. 

Discussion 
Serpentinization of the peridotite recovered from Hole 670A 

is heterogeneous in its effects, and the degree of serpentiniza
tion may depend on the protolith composition. The initial stage 
of serpentinization (pervasive hydration) can be treated in terms 
of the transition from the anhydrous peridotite system to the hy
drous system MgO-Si02-H20 (Bowen and Tuttle, 1949; Deer et 
al., 1962; Winkler, 1976; Elthon, 1981; Bonatti and Hamlyn, 
1981). The general form of the reaction is 

(Mg,Fe)2Si04 + (Mg,Fe)Si03 + 2H20 *? 
olivine enstatite 

Mg3Si205(OH)4 + Fe304 . (1) 
serpentine magnetite 

Figure 11. Bastite pseudomorph after pyroxene in Sample 109-670A-
1D-1, 19-21 cm. Bastite preserves evidence of plastic deformation and is 
cut by parallel chrysotile and talc veinlets. The larger chrysotile veinlet 
contains well-developed transverse fibers. Crossed polars. Field of view = 
2 mm. 

Bowen and Tuttle (1949) demonstrated that this reaction takes 
place when P H 2 0 = P to t, at T <500°C. More recent work (re
viewed in Winkler, 1976; Elthon, 1981) showed the serpentine 
assemblage to be stable to at least 325°C. Bastite and mesh-tex
tured olivine pseudomorphed by lizardite are typical products of 
reaction number 1 (Miyashiro et al., 1969; Aumento and Loubat, 
1971; Bonatti and Hamlyn; 1981). Lizardite is the common ser
pentine polymorph formed at this stage in oceanic serpentinites 
(Aumento, 1970; Aumento and Loubat, 1971; Bonatti et al., 
1984). 

Talc formation may be initiated when metamorphic fluid tem
peratures rise, causing previously formed serpentine to react to 
form talc (Deer et al., 1962; Elthon, 1981). Talc may also form 
by direct alteration of enstatite: 

6MgSi03 + 3H20 - Mg3Si205(OH)4 + Mg3Si4O10(OH)2 . (2) 
enstatite serpentine talc 

This reaction could explain the close association of serpentine 
and talc in pyroxene pseudomorphs (bastite). Although a tem
perature increase may be invoked to explain the formation of 
talc at the expense of serpentine (Winkler, 1976), the composi-
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Figure 12. Mesh-textured olivine pseudomorphs cut by talc rims and 
veinlets, which are themselves cut by a striated chrysotile vein, Sample 
109-670A-3W-1, 12-14 cm. This is a good example of a dilation fissure 
type of chrysotile vein. Crossed polars. Field of view = 2 mm. 

tion of the metamorphic fluid is also critical in determining talc 
stability; therefore, to quantify the temperature at which the ser
pentine-to-talc transformation occurred is impossible. The high 
temperature limit of talc stability could also be raised if the C 0 2 
content of the fluid was high, as the presence of carbonate sug
gests: 

2Mg3Si205(OH)4 + 3C02 - Mg3Si4O10(OH)2 + 
serpentine talc 
3MgC03 + 3H20 . (3) 

magnesite 

Antigorite formation is related to shear deformation of the 
serpentinite. Antigorite forms mainly by replacement of chryso
tile. This occurrence of antigorite is typical of serpentinized peri
dotites (Deer et al., 1962), particularly the association with shear
ing. Elthon (1981) suggested that both high pressure and tem
perature favor antigorite formation over the other serpentine 
polymorphs. Temperatures in the range of 325°-500°C (proba
bly near 400° C) and pressures < 3 kbar are inferred for serpen
tinization that includes antigorite formation. 

Tremolite (Ca2Mg5Si8022(OH)2) is found in close association 
with antigorite and talc. The formation of tremolite is favored 
by a pyroxene-bearing protolith, a calcium-rich fluid, and high 

Figure 13. Typical flaky interlocking texture exhibited by antigorite, 
Sample 109-670A-9R-1, 111-113 cm. Center of photograph shows an
tigorite invading and partly replacing chrysotile. Crossed polars. Field 
of view = 2 mm. 

water/rock ratios (Elthon, 1981). Serpentinization of peridotite 
releases calcium from the rock (Miyashiro et al., 1969; Laurent, 
1975; Bonatti et al., 1984) and could provide a source of cal
cium. The observed maximum of 30% tremolite (Sample 109-
670A-9R-1, 107-109 cm) in the Hole 670A serpentinites suggests 
that the fluids were significantly enriched in calcium. Tremolite 
may also have formed as a result of temperatures exceeding the 
upper stability limit of antigorite (525 °C at 3 kbar). 

Petrography of Rubble Pieces Other than Serpentinized 
Peridotite 

Some rock pieces recovered from Hole 670A that do not con
sist of serpentinized peridotite are considered to be rubble over
lying the peridotite outcrop. Some of the orange-brown serpen
tinized peridotite pieces may be rubble, but these are described 
with the rest of the peridotites. All the nonserpentinite pieces 
> 1 cm in size are briefly described in Table 4. Each piece is de
scribed separately because the pieces are possibly unrelated. 

Sample 109-670A-3W-1, 0-8 cm 
This piece of basalt, 8 cm long, is the largest of the nonser

pentinite samples and is a sparsely to moderately (2%-3%) oliv-
ine-plagioclase phyric fine grained basalt having plagioclase phe
nocrysts up to 3 mm in size. About 2% of the rock is made up 
of miarolitic patches as much as 4 mm across. Vesicles are rare 
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Figure 14. Radiating well-crystallized acicular tremolite growing from 
the wall of a chrysotile vein. Tremolite replaces antigorite. Sample 109-
670A-5R-1, 111-113 cm. Crossed polars. Field of view = 2 mm. 

Table 4. List of nonserpentinite rubble pieces > 1 cm. 
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Figure 15. Complex dark halos in miarolitic basalt (Sample 109-670A-
3W-1, 0-8 cm). Sample is encrusted with foraminiferal limestone (L) 
containing partly palagonitized glass fragments (G). 

Sample Lithology 
Features of interest 

(see text) 

a'b109-670A-lD-l, 1-12 
b109-670A-lD, 16-18 

a,c109-670A-2D-l, 4-6 
109-670A-2D-1, 29-32 
109-670A-3W-1, 0-8 

a109-670A-3W-l, 19-28 

C109-670A-3W-1, 19-28 

Cuttings, including basalt 
Olivine microporphyritic 

basalt 
Aphyric fine-grained basalt 
Hyaloclastite 
Olivine plagioclase phyric 

fine-grained basalt 
Spherulitic glassy basalt 
Aphyric fine-grained basalt 

Aphyric fine-grained basalt 
Aphyric very fine-grained 

basalt 
Basalt glass 

Isolated aragonite crystals 
Iron hydroxyoxide 

staining 
Sediment encrusted 
Partly palagonitized 
Sediment encrusted; dark 

halos 
Alteration; zeolite veins 
Sediment encrusted; dark 

halo 

Sediment injecting basalt 

Partly palagonitized 

a Denotes intervals to which a number of small rubble pieces were assigned. 
b Denotes lithology represented only in working half of core. 
c Denotes lithology represented only in archive half of core. 

and <0.5 mm in diameter. All miaroles are coated with greenish 
or rusty-brown alteration products and black Mn02(?) specks. 
Larger (up to 0.5 mm) aggregates of Mn02(?) occur in miaroles 
next to the outer surface of the basalt. Slight humidification of 
the sawn surface reveals a complex, sinuous system of dark ha
los, mainly 1-2 mm thick (Fig. 15). A central dark zone evident 

in the working half may have formed by the coalescence of in
ward-migrating halos. The halos appear to have developed par
allel to the current boundaries of the sample and others by con
centric spreading from larger miarolitic patches. In places, two 
halos are between the center and margins of the sample. This 
distribution of halos resembles the more complex type 2 halos in 
Hole 648B. The basalt is encrusted with pale-buff foraminiferal 
limestone as much as 5 mm thick (Fig. 15), which contains scat
tered glass shards as much as 3 mm in size, in various states of 
palagonitization. Some shards are completely altered to finely 
banded orange-red "palagonite," whereas others appear to be 
largely fresh. 

Sample 109-670A-2D-1, 4-6 cm (Archive Half Only) 
This 2-cm piece of aphyric fine-grained basalt is encrusted 

with carbonate sediment containing partly palagonitized glass 
shards. The sediment is further encrusted with sparse Mn0 2 mi-
croconcretions. 

Sample 109-670A-2D-1, 29-32 cm 
This 3-cm piece of half-palagonitized hyaloclastite contains 

angular, fresh glass relicts as much as 6 mm long, set in an or
ange matrix of palagonite. The relicts are rimmed by concentri-
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cally banded palagonite, as much as 0.5 mm thick. No fresh 
glass is present. 

Sample 109-670A-3W-1, 19-28 cm 
A group of about 20 small rubble fragments is assigned to 

this interval. Most of the fragments are serpentinized peridotite, 
but five basaltic fragments also occur, all being different (Table 
4). One of the aphyric fine-grained basalt pieces (2.5 cm in size) 
is partly encrusted with calcareous sediment, has a 2-mm-wide 
dark halo along one side, and has blue clay (cf. Site 648 chapter 
"Alteration" section, this volume) lining all the vesicles. The 
vesicles are as large as 0.5 mm and make up 2% of the rock. 

A smaller (1-cm) piece of basalt appears to represent the con
tact of a flow with the calcareous sediment into which it was ex
truded. This basalt is very fine grained and is invaded by highly 
irregular "veins" of pale-gray sediment. From 0.1 to 0.3 mm ad
jacent to the sediment contacts, the basalt is glassy, suggesting 
quenching by the water-laden sediment. The sediment-filled 
"veins" are as much as 0.5 mm thick and penetrate at least 3 mm 
into the rock. The "veins" also expand into irregular masses as 
great as 0.2 mm across and have highly lobate basalt/sediment 
contacts that are convex toward the basalt. Vesicles about 0.2 mm 
in diameter occur entirely enclosed within the basalt, transgress 
the basalt/sediment contact, and also appear within the sedi
ment, indicating that volatiles escaping from the basalt were 
partly trapped by the sediment. A few of the vesicles within the 
basalt are lined with blue clay. Vesicles within the sediment have 
an orange-red lining or, in the case of a vesicle at the basalt/sed
iment contact, a partial filling of microbotryoidal white carbon
ate. The sample is coated with a thin layer of red iron hydrox-
yoxide and encrusted with pale buff-colored foraminiferal lime
stone. 

Thin sections were taken from one piece of this core interval 
because it contains zeolite veins. This pervasively altered rock 
appears to have been a glassy basalt with < 10% groundmass 
plagioclase and clinopyroxene microlites, about 3% euhedral to 
skeletal olivine, and plagioclase microphenocrysts as large as 
0.2 mm. About 15% of the groundmass is in the form of spher-
ulites that are 1-1.5 mm in diameter (Fig. 16), within which rel
ict variolitic texture is locally developed. Some of the ground
mass microlites are replaced by a pale-yellow-green, moderately 
birefringent clay mineral, possibly chlorite/smectite mixed-layer 
minerals replacing clinopyroxene. Other microlites and olivine 

Figure 16. Altered glassy basalt from Sample 109-670A-3W-1, 19-28 cm, 
with spherulite (S). Groundmass replaced by actinolite(?). Plagioclase 
microlites (M) in spherulitic groundmass replaced by zeolite. Vesicles 
and veins filled with zeolites. Crossed polars. Field of view = 3 mm. 

(and plagioclase) microphenocrysts are replaced by a zeolite hav
ing low birefringence. The spherulites and the enclosing ground
mass are replaced by stubby, fibrous brownish crystals having 
high first-order interference colors and inclined extinction, ten
tatively identified as actinolite. The altered basalt is broken up 
by a network of zeolite veins as much as and exceeding 3 mm 
thick (Fig. 16). The vein-filling sequence is complex but appears 
to have five texturally distinguishable stages, one or more of 
which is commonly missing in any given part of a vein. The se
quence established is as follows: 

1. Isopachous, 10-15-/xm-thick, pale-yellow-green clay same 
as that replacing "clinopyroxene" (frequently absent). 

2. Slightly less isopachous, 10-30-/im-thick, clear, low-bire-
fringent zeolite (infrequently absent). 

3. Very fine-grained, almost isotropic zeolite with abundant 
inclusions. 

4. Blocky, 0.1-0.7-mm zeolite crystals having abundant in
clusions and 10-20-/xm-diameter aggregates of clay resembling 
stage 1. This zeolite phase may also have a radiating appear
ance, crystals being as long as 1 mm (possibly stilbite). 

5. Clear, blocky zeolite with at least two cleavages and com
plex twinning. Crystals are irregular in outline, as much as 1 X 
1.5 mm, and commonly enclosed in stages 3 or 4 (possibly 
laumontite). 

Stages 1, 2, 3, and 5 are illustrated in sequence in Figure 17. 
Rare grains of a yellow sulfide (chalcopyrite) as large as 20 fan 

occur in the coarser parts of the zeolite veins. A single grain of 
pyrite was noted in the groundmass of the basalt. 

Summary 
A variety of glassy and fine-grained basaltic rocks is among 

the components of the rubble overlying the serpentinized peri
dotite outcrop drilled at Hole 670A. Calcareous sediment that 
was locally sufficiently lithified to form adherent foraminiferal 
limestone encrusts some of the rubble. All rubble fragments are 
altered to varying degrees. Glasses are partly palagonitized, and 
basalts have undergone incipient low-temperature alteration (prob
ably at ocean-bottom temperatures), except the zeolite-veined 
sample in 109-670A-3W-1, 19-20 cm. If actinolite is the princi
pal secondary groundmass phase in this rock, then a two-stage 

Figure 17. Typical sequence of vein-filling materials developed on al
tered glassy basalt. Phases numbered as in text. Clay mineral is /; tex
turally distinct zeolites are 2, 3, and 5. Sample 109-670A-3W-1, 19-
20 cm. Plane polarized light. Field of view = 0.7 mm. 
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alteration history may be indicated. Zeolite facies alteration fol
lows greenschist facies alteration. 

Most previously studied samples of oceanic peridotite from 
the North Atlantic were collected from fracture zones (e.g., Mi
chael and Bonatti, 1985). The increased exposure of mantle li
thologies at fracture zones may be related to the ease at which 
water can penetrate to deeper structural levels. Water in the 
deeper parts of fracture zones may come into contact with man
tle minerals at elevated temperatures, causing serpentinization 
of the mantle rocks. The volume increase and density decrease 
(3.3 g/cm-3 in fresh peridotite and 2.6 g/cm-3 in serpentinite) 
that accompanies serpentinization will then cause diapiric rise 
of the partly serpentinized peridotites to shallower levels (Fran
cis, 1981). 

One of the most intriguing aspects of the Hole 670A harz
burgites is their presence in the Mid-Atlantic Ridge axial valley, 
approximately 30 km south of the Kane Fracture Zone. We 
present two explanations for exposure of peridotites in the me
dian valley. Their high structural stand may be related to serpen
tine diapirism. Penetration of water into deeper structural levels 
might occur along normal faults that parallel the axial valley 
trend (Francis, 1981). The serpentine-filled fractures encoun
tered in lithologic Unit 4 (see Fig. 3) may represent part of such 
a fault. Reaction of water penetrating along such a fault with 
mantle minerals at approximately 500°C will produce the second
ary mineral assemblage observed in Hole 670A peridotites (i.e., 
mostly serpentine + talc; Miyashiro et al., 1969). Volume ex
pansion occurring as a consequence of this process might cause 
the serpentinized peridotite to rise to high structural levels. For 
the serpentine diapir to rise, its overall density need only be less 
than that of the surrounding unserpentinized mantle rocks. Large 
pockets of relatively unserpentinized peridotite might be en
trained and preserved in the inner parts of the rising diapir. The 
relatively fresh harzburgites recovered from Hole 670A may be 
samples of this entrained material. 

A limitation of the aforementioned process is that it can oc
cur only off-axis where temperatures fall to 500° C. At a "nor
mal" axis of divergence, temperatures in the upper mantle far 
exceed the stability limit of serpentine. An alternative model is 
required to explain the existence of serpentinites in the axial zone 
of spreading ridges. We suggest that the direct exposure of up
welling mantle material may occur in areas where volcanism is 
episodic or absent. This situation might exist at slow-spreading 
centers where magma chambers are ephemeral or discontinu
ous. As long as convective divergence continues, upwelling man
tle material rises to the surface and is transported off-axis by 
seafloor spreading. Prolonged divergence without volcanic ac
tivity might produce an exposed strip of mantle striking parallel 
to the axial valley. Circulation of seawater through the exposed 
mantle could cause near-surface, in-situ serpentinization, which 
is likely to be more static than diapiric upwelling and might ex

plain the nearly perfect preservation of the delicate tortoise-
shell textures described earlier. At some later time, magmatism 
might be reactivated, and all or part of the serpentinized peri
dotite could be covered by basalt. This process might explain the 
occurrence of peridotites capped by basalts at Site 395. 

PALEOMAGNETICS 
Some serpentinized peridotites exposed on land have high in

tensities of magnetization that compare to those of basaltic rocks. 
Magnetite grains precipitated during serpentinization cause this 
magnetization, which can produce detectable magnetic anoma
lies around the serpentinized body. Magnetic anomalies were 
observed along some large active faults in Japan, where the ex
posure of the serpentinite can be seen. A serpentinized body ex
posed on the oceanic crust may disturb magnetic lineations ob
served at the sea surface. 

One purpose of the paleomagnetic study of the serpentinized 
peridotites from Hole 670A is to estimate the effect of the body 
on the magnetic anomalies. The natural remanent magnetiza
tion (NRM) intensity, the inclination, and the susceptibility of 
these rocks yield such information. The other purpose is to ob
serve the rotation or the displacement of the body after the ac
quisition of remanence. This investigation is needed to clarify 
the origin of the serpentinite body observed on the west side of 
the median valley, far from the fracture zone. Such information 
can be obtained from the stable inclinations exhibited by the 
oriented core samples. Unfortunately, the recovery was poor, and 
the oriented pieces very few; but an insight into the nature of 
the serpentinized body can be obtained. 

Samples and Experimental Procedure 
For the paleomagnetic study, 10 minicore samples of serpen

tinized harzburgite or serpentinite were taken from the recov
ered cores in Hole 670A. The procedure for the paleomagnetic 
study is described in the summary of the Site 648 chapter (this 
volume). All the samples were progressively demagnetized by al
ternating fields until the intensity became < 10% of the original 
intensity. The NRM intensity and inclination and the quality of 
the orientation of these samples are summarized in Table 5. The 
demagnetization steps are listed in Table 6. From the demagnet
ization experiments, median destructive field (MDF) and stable 
inclinations were obtained. Magnetic initial susceptibility was 
also measured, and Q-ratio (Konigsberger ratio) was calculated 
by using the present field intensity of 0.4 Oe. These results are 
listed in Table 7 and discussed in the following part of this sec
tion. 

The lithological unit from which the paleomagnetic samples 
were taken is indicated in Table 5. Since the degree of serpentini
zation can cause a large change in magnetic properties, samples 
from Units 1 and 3 and from Units 2 and 4 are compared; mag
netic parameters are averaged over all the samples; samples from 

Table 5. Natural remanent magnetization properties of peridotite samples. 

Sample 

109-670A-1D-1, 19-21 
109-670A-2D-1, 45-47 
109-670A-3W-1, 12-14 
109-670A-4W-1, 19-21 
109-670A-5R-1, 111-113 
109-670A-5R-1, 126-128 
109-670A-5R-2, 52-54 
109-670A-6R-1, 4-6 
109-670A-7R-1, 43-45 
109-670A-9R-1, 107-109 

Sub-bottom 
depth 
(m) 

8.59 
29.88 
14.72 
36.56 
48.68 
49.14 
51.53 
55.20 
67.49 
91.84 

NRM 

Intensity 
( I 0 - 6 emu/cm3) 

4010 
1992 
4310 

231 
3703 
8257 
1333 

145 
7197 

44 

Inclination 
(degrees) 

- 9 . 0 
54.6 
24.6 

5.1 
29.2 
51.9 
2.9 

28.7 
71.5 
68.3 

Lithological 
unit 

1 
1 
1 
1 
2 
2 
2 
3 
4 
4 

Orientation 

no 
no 
no 
poor 
good 
good 
poor 
poor 
no 
poor 
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Table 6. Demagnetization steps, Hole 670A. Table 6 (continued). 

Natural 
remanent 

magnetization 

Circular 
standard 
deviation Intensity 

Sample 109-670A-1D-1, 19-21 

50 
KM) 
150 
200 
300 
400 
500 
600 
700 
800 

1.9 
1.7 
1.7 
1.6 
1.4 
1.3 
0.9 
1.0 
1.4 
2.1 
4.5 

Sample 109-670A-2D-1, 45-

20 
50 

100 
150 
200 
300 
400 
600 
80C 

2.9 
2.5 
1.6 
1.5 
1.4 
1.8 
2.1 
1.8 
3.0 
7.5 

Sample 109-670A-3W-1, 12-

20 
50 

100 
150 
200 
300 
400 
600 
800 

2.1 
2.3 
2.1 
1.9 
1.5 
1.7 
1.5 
1.3 
2.5 
3.0 

4009.76 
4390.39 
4999.44 
5141.54 
5076.56 
4184.41 
2947.94 
1821.94 
1005.05 
504.41 
232.08 

47 

1992.08 
1637.10 
1292.24 
918.74 
710.11 
573.89 
384.70 
267.13 
120.75 
28.64 

■14 

4309.74 
4246.41 
4004.57 
3464.19 
2853.77 
2380.99 
1734.97 
1231.22 
573.08 
286.41 

Sample 109-670A-4W-1, 19-21 

20 
30 
40 
50 
70 

100 
150 
200 
300 
400 
600 
800 

1.8 
0.9 
1.3 
1.4 
1.2 
1.2 
2.0 
2.4 
1.6 
2.4 
2.9 
3.5 
2.7 

Sample 109-670A-5R-1, 111 

20 
30 
40 
50 
70 

100 
130 
160 
200 
250 
300 
400 

1.8 
1.6 
0.9 
1.0 
1.1 
1.6 
1.4 
1.6 
1.3 
1.9 
3.9 
3.8 
7.5 

231.45 
209.27 
219.32 
222.59 
224.63 
200.73 
172.14 
126.34 
89.50 
47.58 
33.84 
22.45 
15.10 

-113 

3703.20 
2860.02 
2168.99 
1928.14 
1560.25 
981.59 
489.36 
266.47 
161.97 
118.17 
70.99 
41.62 
34.17 

Declination 

309.8 
311.5 
312.0 
313.5 
313.7 
313.4 
312.7 
310.9 
308.3 
302.5 
284.6 

337.5 
344.0 
342.6 
342.0 
344.2 
344.6 
343.3 
341.7 
339.4 
319.6 

167.9 
166.4 
165.4 
164.2 
163.8 
163.2 
161.9 
162.4 
164.0 
169.8 

154.9 
185.2 
199.1 
204.4 
208.3 
211.3 
214.6 
217.0 
216.7 
211.1 
207.3 
210.7 
203.8 

325.4 
317.1 
318.0 
318.8 
317.1 
315.8 
313.8 
311.6 
317.7 
304.5 
309.4 
305.3 
287.2 

Inclination 

- 9 . 0 
- 7 . 8 
- 8 . 5 
- 9 . 1 
- 9 . 2 
- 9 . 6 
- 9 . 8 
- 9 . 4 
- 8 . 8 

-11 .2 
-26 .5 

54.6 
49.2 
45.5 
45.3 
46.8 
47.9 
48.9 
48.1 
49.5 
28.1 

24.6 
25.0 
26.0 
26.5 
24.8 
23.5 
23.3 
22.8 
26.6 
24.4 

5.1 
- 1 . 6 
- 7 . 6 
- 4 . 3 
- 4 . 8 
- 7 . 0 
- 6 . 1 
- 3 . 8 
- 3 . 9 
- 2 . 6 
- 1 . 4 

0.6 
2.2 

29.2 
17.7 
5.7 
2.8 
0.1 

- 1 . 7 
- 4 . 4 
- 4 . 7 
- 5 . 8 
- 5 . 4 
- 3 . 6 

1.9 
6.7 

Natural Circular 
remanent standard 

magnetization deviation Intensity Declination Inclination 

Sample 109-670A-5R-1, 126-128 

10 
20 
30 
50 
70 

100 
150 
200 
250 
300 
400 
600 

1.3 
1.3 
1.9 
1.5 
2.0 
2.7 
4.1 
6.9 

10.5 
11.2 
11.3 
12.8 
13.5 

8256.97 
6634.01 
4840.20 
3682.97 
2458.66 
1492.31 
765.37 
342.60 
201.78 
159.93 
139.23 
126.32 
91.44 

Sample 109-670A-5R-2, 52-54 

10 
20 
30 
50 
70 

100 
150 
200 
250 
300 
400 

3.3 
2.6 
3.0 
3.1 
2.7 
2.2 
2.7 
3.3 
2.7 
4.4 
3.3 
8.4 

Sample 109-670A-6R-1, 4-6 

10 
20 
30 
50 
70 

100 
150 
200 
250 
300 
400 

3.7 
3.0 
2.7 
2.8 
2.8 
2.7 
2.6 
2.6 
2.1 
2.1 
1.3 
2.3 

1332.56 
1429.42 
1147.95 
1151.93 
898.64 
610.56 
304.36 
137.53 
67.79 
43.09 
27.91 
10.25 

145.25 
132.92 
134.18 
132.38 
134.51 
120.33 
90.99 
56.64 
33.87 
20.07 
11.12 
4.96 

Sample 109-670A-7R-1, 43-45 

10 
30 
50 
100 
150 
200 
300 
400 
600 

2.4 
2.1 
0.5 
1.6 
4.1 
4.8 
6.2 
8.7 
6.7 
5.6 

7197.01 
6038.91 
3973.12 
2182.89 
476.09 
182.24 
89.88 
37.56 
18.93 
24.68 

Sample 109-670A-9R-1, 107-109 

10 
20 
30 
50 
70 
100 
150 
200 
300 
400 
500 
600 
800 
990 

2.1 
1.4 
1.0 
1.6 
0.3 
0.6 
1.3 
1.2 
1.2 
1.5 
2.4 
2.5 
3.4 
4.2 
3.7 

43.91 
39.12 
37.17 
35.97 
34.04 
33.12 
32.27 
30.15 
29.24 
26.17 
23.12 
20.44 
18.12 
15.83 
13.50 

108.2 
104.8 
100.7 
100.0 
99.0 
97.2 
97.5 
98.4 
98.9 
97.3 
95.8 
96.1 
94.5 

351.0 
333.6 
331.4 
317.8 
316.5 
313.7 
310.3 
308.5 
315.3 
304.8 
315.9 
324.3 

153.1 
150.2 
146.8 
148.5 
147.1 
148.8 
145.4 
149.1 
150.3 
150.7 
155.7 
161.9 

309.3 
312.1 
323.6 
335.3 
348.5 
353.3 
342.8 
318.9 
75.0 

268.5 

86.1 
91.7 
96.8 
98.5 
107.6 
111.6 
114.9 
117.5 
123.6 
127.5 
138.0 
142.3 
139.4 
145.8 
151.5 

51.9 
47.5 
29.7 
27.6 
14.1 
8.9 
5.4 
7.7 
7.3 
6.4 
9.1 
8.9 
18.3 

2.9 
-3.3 
-10.4 
-23.5 
-27.9 
-31.4 
-33.0 
-29.8 
-29.1 
-21.4 
-17.3 
18.3 

28.7 
24.7 
18.8 
21.2 
19.1 
17.7 
14.5 
14.2 
11.6 
6.3 

-1.0 
-29.1 

71.5 
72.7 
69.3 
65.1 
47.5 
37.2 
28.1 
18.9 
53.6 
37.9 

68.3 
69.9 
70.9 
71.3 
72.1 
72.1 
72.3 
72.7 
73.0 
72.6 
71.8 
71.4 
71.1 
69.8 
68.2 
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Table 7. Magnetic properties of peridotite samples. 

Sub-bottom NRM Stable 
depth intensity MDF inclination Susceptibility Q-ratio 
(m) (I0- 6 emu/cm3) (Oe) (degrees) (10-6G/Oe) (H = 0.4 Oe) Sample 

109-670A-1D-1, 19-21 
109-670A-2D-1, 45-47 
109-670A-3W-1, 12-14 
109-670A-4W-1, 19-21 
109-670A-5R-1, 111-113 
109-670A-5R-1, 126-128 
109-670A-5R-2, 52-54 
109-670A-6R-1, 4-6 
109-670A-7R-1, 43-45 
109-670A-9R-1, 107-109 

8.59 
29.88 
14.72 
36.56 
48.68 
49.14 
51.53 
55.20 
67.49 
91.84 

4010 
1992 
4310 

231 
3703 
8257 
1333 

145 
7197 

44 

484 
90 

226 
161 
41 
25 
66 

128 
34 

450 

- 8 . 9 
45.8 
25.8 

- 4 . 8 
- 2 . 0 

4.5 
-29 .2 

16.9 
-13 .8 

74.7 

3548 
2172 
2639 
412 

8787 
8796 
4487 

328 
8521 

36 

2.83 
2.29 
4.08 
1.40 
1.05 
2.35 
0.74 
1.11 
2.11 
3.06 

Units 1 and 3 and samples from Units 2 and 4 are summarized 
in Table 8. 

NRM Intensity 
The NRM intensity varies from 44 to 8257 x I 0 - 6 emu/cm3 

(Table 7), spanning more than two orders of magnitude differ
ence among the 10 samples. Since the original peridotites do not 
contain magnetite, all the magnetic properties arise from the 
serpentinization. The variation of the magnetization reflects the 
degree of the serpentinization. The increase in the magnetiza
tion intensity is to be expected because of the precipitation of 
magnetite from the serpentinization of olivine, although some 
other factors, such as original olivine content or later alteration, 
would modify the intensity. As evident from Table 8, Units 2 
and 4 are characterized by higher intensity, compared with Units 
1 and 3. This can be explained by the difference in the degree of 
serpentinization; Units 1 and 3 are more highly serpentinized. 
Because the serpentinization occurs under 500°C, which is less 
than the Curie temperature of magnetite, the origin of the rema
nence may be chemical remanent magnetization (CRM) or par
tial thermo-remanent magnetization (PTRM). 

Figure 18A shows the depth variation of the NRM intensity. 
Through Unit 1, the intensity decreases with depth. This feature 
may be attributed to the decrease in degree of serpentinization 
with depth, although the number of samples studied is not enough 
for a detailed* discussion. The samples from Units 2 and 4 have 
very high intensity, though the scattering is also high. In con
trast, Samples 109-670A-4R-1, 19-21 cm, and 109-670A-6R-1, 
4-6 cm, from the lower part of Unit 1 and the upper part of 
Unit 3 have very low intensities of magnetization. Microscopic 
study indicates that the degree of serpentinization in these sam
ples is relatively low. The lowest intensity was observed in Sam
ple 109-670A-9R-1, 107-109 cm. Because this minicore sample 
was taken from a serpentine-chlorite-tremolite vein, the vein fill 
does not contain the magnetic minerals. 

The high intensity exhibited by the serpentinized peridotite 
compares to the mean intensity of basalt samples from Hole 
648B and also to the intensity expected in the source layer of the 
magnetic lineation. Most of the basalt samples recovered from 
DSDP and ODP holes have a magnetization intensity much 

Table 8. Mean characteristics of magnetic parameters. 

NRM intensity 
( I 0 - 6 emu/cm3) 

MDF (Oe) 
Susceptibility 

(10"6G/Oe) 
Q-ratio 

All samples 
(N = 

3122.2 

170.5 
3972.6 

2.10 

= 10) 

2919.0 

168.4 
3559.9 

1.05 

Units 1 and 3 
(N 

1788.7 

256.5 
1522.5 

2.46 

= 6) 

1975.1 

169.4 
1458.8 

1.10 

Units 2 and 4 
(N 

5122.5 

41.5 
7647.8 

1.56 

= 4) 

3188.7 

17.6 
2111.0 

0.79 

100 
50 100 -90 0 90 

NRM intensi ty (1 0~4emu/cm3) Stable incl ination (degrees) 

Figure 18. Depth plots of NRM intensity and stable inclination of the 
serpentinized peridotite from Hole 670A. A. NRM intensity. B. Stable 
inclination. 

smaller than this. Hence, depending on the thickness or extent 
of the body, the serpentinized peridotite can affect the magnetic 
anomalies. The magnetic field caused by a highly serpentinized 
body 500 m thick compares to the amplitude of the magnetic 
lineations observed at sea level. 

Stable Inclination 
Unfortunately, most of the present samples are not oriented 

or are poorly oriented. Only two samples (109-670A-5R-1, 111-
113 cm, and 109-670A-5R-1, 126-128 cm), both from Unit 2, 
give a reasonable orientation. These two samples show very shal
low inclinations of -2 .0° and 4.5°, respectively. Including three 
other poorly oriented samples, the mean inclination is - 6 . 3 ° . 
Although the number of samples is far from sufficient, this very 
shallow inclination value of the serpentinite body compared with 
the present field direction can be inferred from the present ob
servation. No systematic variation with depth is observed in Fig
ure 18B. The origin of the shallow inclination is not obvious; in 
some oriented samples, horizontal foliations, probably caused 
by horizontal extension, are observed. If magnetite grains pre
cipitate along the foliation, they may cause the magnetic aniso-
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tropy. The magnetic anisotropy affects the magnetization direc
tion and can be one explanation for the nearly horizontal stable 
inclination. However, the rotation of the serpentinite body after 
it acquired remanence is another possible explanation. In either 
case, the use of serpentinite for the paleomagnetic study is rather 
discouraging. 

MDF and Demagnetization Characteristics 
Highly serpentinized samples from Units 2 and 4 give MDF 

values <70 Oe, whereas other samples show higher MDF values 
(Table 7). MDF values are plotted vs. depth in Figure 19A. The 
low MDF in the highly serpentinized samples may indicate large 
magnetite grain sizes as observed in the samples from Units 2 
and 4. However, such a tendency is not obvious within Unit 1, 
where a decrease in the degree of serpentinization with depth 
can be seen. 

Very high MDF values observed in Samples 109-670A-1D-1, 
19-21 cm, and 109-670A-9R-1, 107-109 cm, need some explana
tion. As evident from the demagnetization steps shown in Table 
6, the magnetization of Sample 109-670A-1D-1, 19-21 cm, is 
composed of two components. The directions of these two com
ponents are almost antipodal with each other, causing the ob
served high MDF. The magnetic minerals that carry these two 
components may be magnetite grains with two different grain-
size distributions. Microscope study indicates that two types of 
magnetite grains exist within these samples; one exists within 
the serpentinized region, and the other exists along the bounda
ries of the veins intruding into the serpentinized areas. These 
two grain populations might have caused the observed two com
ponents; the origin of each component is currently unclear. One 
possibility is that these components represent different polari
ties of the Earth's magnetic field. This type of the demagnetiza
tion curve is common in reversely magnetized rock samples. The 
soft component is commonly viscous remanent magnetization 
acquired by the present field. 

500 0 50 100 
Suscept ibi l i ty HO ^G/0e) 

Figure 19. Depth plots of median destructive field (MDF) and suscepti
bility of the serpentinized peridotite from Hole 670A. A. MDF. B. Sus
ceptibility. 

Susceptibility 

Susceptibility of the 10 samples ranges from 36 x I0" 6 G/ 
Oe to 8796 x I0" 6 G/Oe (Table 7). The variation is closely cor
related with that of the NRM intensity. High susceptibility is 
observed in Units 2 and 4; the degree of serpentinization is high 
in these units. A gradual decrease in the susceptibility with depth 
can be seen in Unit 1 (Fig. 19B), mainly because of a change in 
the content of magnetite grains. 

The mean susceptibility of the basalts from Hole 648B is 
1270 x I0" 6 G/Oe, and the susceptibility of samples from 
other sites on the ocean floor is comparable to or smaller than 
this value. For example, the mean susceptibility of the dredged 
samples from the FAMOUS area is about 300 x I0" 6 G/Oe. 
Compared with the susceptibilities in oceanic basalt, the suscep
tibility of the present serpentinized peridotite has much higher val
ues. As shown in Table 8, the mean and the standard deviations 
of the susceptibilities of all the samples are 3973 x I0" 6 G/Oe 
and 3560 x I0" 6 G/Oe, respectively. For the highly serpentin
ized samples from Units 2 and 4, the mean value is 7649 x I 0 - 6 

G/Oe. The high susceptibility in these serpentinized peridotites 
can be explained by the presence of a large amount of magnetic 
minerals in these rocks. 

Q-Ratio (Konigsberger Ratio) 
Q-ratio varies from 0.74 to 4.8 (Table 7), much smaller (about 

one order of magnitude) than that of oceanic basalts. The dif
ference between the samples from Units 1 and 3 and the samples 
from Units 2 and 4 is not evident, in contrast to differences be
tween other magnetic properties, such as the NRM intensity and 
the susceptibility. The observed low Q-ratio indicates that the 
induced magnetization of the serpentinized peridotites causes 
the appreciable magnetic anomalies as well as the remanent 
magnetization. 

Discussion 
Present measurements indicate that the intensity of the mag

netization and the magnetic susceptibility in the serpentinized 
peridotite are high. The intensity compares to that of oceanic 
basalts obtained either by dredging or drilling; the susceptibility 
of the serpentinized peridotites is much higher than that of most 
basalt rocks. Compared with those of basalts, the scatter of 
these magnetic parameters of the serpentinized peridotites is 
also high. The variation of these parameters with the degree of 
serpentinization was also confirmed by these measurements. An 
increase in magnetic mineral content with serpentinization causes 
the variation. However, it is not appropriate to apply the present 
results to all the serpentinized bodies observed on the seafloor. 
Magnetic properties can easily be changed by many factors, such 
as the original olivine content, the temperature, and the water 
content during the serpentinization. Later alteration also causes 
a large change in the magnetic properties. Cretaceous serpentin
ized peridotites recovered during ODP Leg 103 show smaller in
tensities of magnetization (by a factor of about 2 or 3) (Boillot, 
Winterer, Meyer, et al., 1987). Other magnetic properties of 
these rocks are not reported. Since these results indicate the im
portance of the serpentinized peridotites as a source of the mag
netic anomalies, more systematic study of these rocks must be 
done to understand the validity of the original Vine-Mathews 
hypothesis. 

The shallow inclination of the magnetization in the samples 
is not easy to explain. It may indicate a subsequent rotation of 
the serpentinized body or may be magnetic anisotropies caused 
by the deformation of the body. The rotation should have oc
curred after the acquisition of the remanence, that is, after the 
completion of the serpentinization. On the other hand, the de
formation could have occurred either after or before the acqui-
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sition of the remanence. Anisotropic texture produced by the 
deformation before the precipitation of magnetites can cause 
such an anisotropy. To clarify these possibilities, more detailed 
magnetic studies are required. 

Conclusions 
Ten serpentinized peridotite samples were Paleomagnetically 

processed and found to have very high intensities of magnetiza
tion and magnetic susceptibility. Higher intensity and higher 
susceptibility are observed in the samples with the highest de
gree of serpentinization. The NRM intensity is high enough to 
affect the magnetic anomalies observed at sea surface if the 
thickness of the serpentinized body is more than a few hundred 
meters. The few oriented samples showed a very shallow, stable 
inclination. Currently, the cause of the shallow inclination is 
not apparent. 

PHYSICAL PROPERTIES 
The 10 paleomagnetic samples (see previous section) were 

also used for a standard suite of physical-properties determina
tions. 

The methods used to determine bulk density, saturated sonic 
velocity, and porosity are described in detail in the Site 648 chap
ter "Physical Properties" section (this volume) and will not be 
repeated here. Sonic velocity and GRAPE density of the dried 
samples were not determined owing to time constraints. 

Results 
These samples are less dense, have lower sonic velocities, and 

are more porous than the basalts from Sites 648 and 669. Aver
age bulk density is 2.564 g/cm3, and average porosity is 9.9%, 
yielding an average grain density of 2.726 g/cm3. The average 
velocity is 3.97 km/s. The data are summarized in Table 9. 

A review of Table 9 shows no obvious correlation between 
any of the physical properties. This is not surprising because 
correlations between, for example, density and porosity require 
constant mineralogy. Similarly, the inverse correlation between 
sonic velocity and porosity generally holds only for rocks of 
similar chemical composition. 

However, a detailed comparison between these properties and 
sample petrology reveals that some relationships hold for this 
set of samples. These rocks fall into two general families: (A) 
serpentinites, dark with > 90% serpentine pseudomorphing ol
ivine, spinels generally oxidized to magnetite, and crosscutting 
chrysotile veins; and (B) partly serpentinized harzburgites, pale 
green with large (>1 cm) orthopyroxene grains and minor 
amounts of clinopyroxene and spinel. Several rocks (C) are in

termediate between these two end-members. One anomalous sam
ple (D) is mainly fibrous antigorite and tremolite. These classifi
cations are noted in Table 9. 

The data, in light of these petrographic differences, reveal 
some interesting relationships. The serpentinites (which are the 
most intensely altered) have the lowest density, the harzburgites 
the highest, whereas the intermediate samples have intermediate 
densities. One exception is Sample 109-670A-2D-1, 45-47 cm, 
which is anomalous probably because of additional low-temper
ature alteration in contact with seawater. Modal mineralogy does 
not control sonic velocity, although the fibrous antigorite/tre
molite has the highest velocity. Similarly, no relationship be
tween porosity and modal mineralogy exists. 

The grain density of serpentine is approximately 2.55 g/cm3, 
whereas olivine, orthopyroxene, and clinopyroxene have densi
ties near 3.3 g/cm3. Modal estimates of the concentration of 
unaltered material in these samples range from about 30% for 
Sample 109-670A-6R-1, 4-6 cm, to <5% (Table 2). According 
to these densities and the modal proportions, the grain density 
of Sample 109-670A-6R-1D, 4-6 cm, should be 2.775 g/cm3. 
The computed grain density for this sample is 2.82 g/cm3, 
slightly greater than its expected value, suggesting that the po
rosity may be underestimated. This is not unlikely, as these sam
ples probably contain some trapped fluids, which could not be 
fully removed by shipboard techniques in the time available. 

Figures 20 through 22 show velocity, density, and porosity as 
a function of sample depth. Separating these samples into litho
stratigraphic units on the basis of their physical properties is not 
a straightforward process. The boundaries between the four iden
tified units are at 46, 52, and 66.5 mbsf (Fig. 3). Unit 2 is char
acterized by uniformly low density; two of the samples also have 
low velocities. The upper sample from Unit 3 has high density 
and velocity, whereas the lower sample is less dense. Unit 1 has 
intermediate velocities, trending downward as the serpentiniza
tion decreases. The decrease in serpentinization is associated with 
an increased porosity, which explains this effect. The lowermost 
unit is represented by only a single sample, which, although it 
may represent the competent materials within this unit, cannot 
be used to infer the average properties. 

Conclusions 
The 10 samples studied are highly heterogeneous. Although 

they are characterized by uniformly low velocities and densities, 
variations in petrology and alteration control their properties. 
However, within individual units, the properties can be related 
to recognizable changes in alteration and mineralogy, and the 
expected relationships between porosity, density, and velocity can 
be observed. 

Table 9. Computed values of physical properties of core samples from Hole 670A. Let
ters refer to categories described in the text. 

Sample 

109-670A-1D-1, 19-21 cm 
109-670A-2D-1, 45-47 cm 
109-670A-3W-1, 12-14 cm 
109-670A-4W-1, 19-21 cm 
109-670A-5R-1, 111-113 cm 
109-670A-5R-1, 126-128 cm 
109-670A-5R-2, 52-54 cm 
109-670A-6R-l,4-6cm 
109-670A-7R-1, 43-45 cm 
109-670A-9R-1, 107-109 cm 

Average 

Type 

C 
a c 
C 
B 
A 
A 
A 
B 
A 
D 

Bulk density 
(g/cm3) 

2.590 
2.506 
2.555 
2.605 
2.520 
2.533 
2.537 
2.660 
2.523 
2.542 

2.564 

Grain density 
(g/cm3) 

— 
2.711 
2.789 
2.760 
2.652 
2.708 
2.821 
2.659 
2.705 

2.726 

Porosity 
(%) 

— 
9.2 

10.4 
13.8 
7.3 

10.1 
9.0 
8.3 
9.7 

9.9 

Sonic velocity 
(km/s) 

3.99 
4.10 
3.68 
3.60 
3.66 
4.09 
4.05 
3.63 
4.90 

3.97 

Altered in contact with seawater. 
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Figure 20. Velocity as a function of depth, samples from Hole 670A. 
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Figure 22. Porosity as a function of depth, samples from Hole 670A. 
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3.0 

Figure 21. Bulk (dashed line) and grain (solid line) density as a function 
of depth, samples from Hole 670A. 

THERMAL CONDUCTIVITY 

The thermal conductivity of 12 samples of serpentinites and 
serpentinized harzburgites from Hole 670A was measured with 
the Thermcon half-space needle device, as outlined in detail in 

the "Thermal Conductivity" section of Site 648 chapter (this 
volume). Table 10 shows the results of Hole 670A measurements. 
The thermal conductivities measured range from 2.12 to 3.06 W/ 
m x °C with a mean of 2.71 W/m x °C for the serpentinites, 
and from 2.05 to 2.40 W/m x °C with a mean of 2.29 W/m x 
°C for the harzburgites. Compared with that of the basalts, the 
conductivities measured on these rock samples are distinctly 
higher. Thermal conductivities of the serpentinite samples show 
a relatively high variation. From a preliminary comparison of 
these thermal-conductivity measurements with the results of the 
physical-properties measurements ("Physical Properties" section, 
this chapter), no indication of a significant correlation was 
obtained. 

SUMMARY A N D CONCLUSIONS 

Hole 670A was a twofold success: 
First, from a technological point of view, it demonstrated the 

feasibility of the following operations: 

1. Spudding over a slightly sedimented area. 
2. Starting a hole with the aid of a PDCM in the underlying 

serpentinite basement. 
3. Changing the bit and making a successful reentry in the 

hole in < 15 min (time between the first image of the seafloor 
given by the television camera and the actual penetration of the 
BHA inside the hole). 

4. Coring close to 100 mbsf with the classical rotary system. 

The unsupported coring conditions did not allow a good re
covery; we got 1.7% to 17% recovery, enough, however, for ful
filling scientific purposes. Used in fault-dominated and rough 
areas, such as fracture zones, the unsupported spudding tech
nology should allow us to get in-situ samples of serpentinized 
peridotite outcrops as deep as 100 mbsf and even deeper if cas
ing is set in the hole. A low recovery will probably be normal in 
such drilling conditions, but the recovered material will be at 
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Table 10. Results of thermal-conductivity measurements on serpen
tinites and harzburgites, Hole 670A. 

Section 
Distance from top 

of section (cm) 
Thermal conductivity 

(W/m x °C) 

109-670A-1D-1 (S) 

109-670A-5R-1 (H) 

109-670A-5R-1 (S) 

109-670A-5R-1 (S) 

109-670A-5R-1 (S) 

109-670A-5R-2 (S) 

109-670A-5R-2 (S) 

109-670A-5R-2 (H) 

109-670A-5R-2 (H) 

109-670A-6R-1 (H) 

109-670A-7R-1A (H) 

109-670A-9R-1 (H) 

18-23 

8-15 

57-58 

110-120 

123-143 

18-26 

49-51 

105-112 

139-145 

0-8 

42-46 

104-116 

2.52 
2.51 
2.52 

1.98 
2.12 

3.03 
3.05 
3.04 
3.03 

2.74 
2.74 

3.07 
3.04 

2.95 
3.00 

2.40 
2.47 

2.42 
2.37 

2.35 
2.31 

2.40 
2.34 

2.75 
2.81 

2.09 
2.14 

[2.93) 
[2.81) 
(2.93) 

[2.11) 
[2.22) 

[3.05) 
(3.51) 
[3.43) 
[3.61) 

(2.84) 
[2.91) 

[3.54) 
[3.33) 

[2.88) 
(3.12) 

[2.35) 
(2.74) 

[2.80) 
(2.52) 

(2.63) 
(2.17) 

(2.34) 
(2.90) 

(3.21) 
(3.45) 

2.17) 
[2.36) 

2.52 

2.05 

3.03 

2.74 

3.06 

2.98 

2.44 

2.40 

2.33 

2.39 

2.78 

(2.82) 

(2.17) 

(3.40) 

(2.88) 

(3.44) 

(3.00) 

(2.55) 

(2.66) 

(2.40) 

(2.62) 

(3.33) 

2.12 (2.26) 

S = serpentinites. 
H = harzburgites. 

least partly oriented and much less altered than any dredged 
material of the same nature. 

The contrasting degrees of success we met with in Holes 
669A and 670A demonstrate that mantle peridotites are easier 
to drill with mud motors than are the hard gabbros of layer 3; 
this is probably mainly due to the well-known lubricating prop
erties of the serpentine minerals. More experience is certainly 
needed to test and improve the feasibility of drilling gabbros 
during spudding attempts. 

Second, from a scientific point of view, Hole 670A yielded 
one of the very few sections of oceanic upper mantle ever drilled, 
92.5 m being cored in the serpentinized peridotite basement. 
Serpentinized peridotites were met in several crustal sections dur
ing Legs 37, 45, and 82, for instance, but always as layers of 
rubble blocks interbedded with basaltic flows. Only the section 
of serpentinized peridotites recovered in Hole 637A during Leg 
103 on the Galicia Bank can be compared to the Hole 670A sec
tion (Boillot, Winterer, Meyer, et al., 1987, Site 637 chapter). 

In Hole 637A, 73.6 m of peridotites was cored beneath a 
cover of 212 m of Neogene sediments. Both sections have sev
eral common characteristics: (1) They are made of clinopyrox
ene-bearing harzburgites. (2) They show a downward decreasing 

degree of serpentinization, the first few meters being totally ser
pentinized. (3) Several serpentinite shear zones appear at differ
ent levels in the sections. (4) Both sections exhibit a strong folia
tion of the primary phases, macroscopically marked by the flat
tening and stretching of pale whitish orthopyroxene 
porphyroclasts and black chromite grains; this foliation has a 
rather flat, gentle dip: about 20° in the few oriented samples of 
our section and 30° in Hole 637A (in which, however, the folia
tion steepens to 75° near the bottom of the hole). (5) Another 
prominent feature of these peridotites is the occurrence of abun
dant crosscutting veins of serpentine and calcite with compli
cated patterns and chronological relationships and the local de
velopment of serpentine breccias. (6) Physical and magnetic 
properties of these mantle rocks appear to be strongly depen
dent on the degree of serpentinization of the initial peridotite. 
In both sections, the inclination of the magnetic vector seems to 
be influenced by the internal mantle deformation structures. 

The poor recovery in Hole 670A, 1.7°7o-17°7o, compared with 
about 50% in Hole 637A (which was cored with the classical ro
tary system under > 200 m of sediment), is partly compensated 
by the quality of some of the harzburgite samples, several of 
them having < 50% serpentine. 

The material from the upper-mantle section so far obtained 
in Hole 670A appears adequate for the following shore-based 
studies: 

1. Primary mineralogy and geochemistry: microprobe analy
ses of the four primary phases (olivine, orthopyroxene, clinopy
roxene, and spinel) and X-ray fluorescence and neutron activity 
analyses of the whole rocks; geothermometry, geobarometry, 
degree of partial melting, parental relationships with the Kane 
Fracture Zone basalts. 

2. Structural study of the high-temperature mantle deforma
tions: U-stage fabrics of the freshest harzburgites; evaluation of 
the stress/strain pattern and conditions of the deformation (plas
tic flow vs. flattening by uniaxial vertical compression). 

3. Physical and magnetic properties of the peridotite body: 
density, porosity, susceptibility, and NRM variations vs. degree 
of serpentinization; influence of a peridotite outcrop on the 
pattern of the sea-surface magnetic anomalies, 

4. Secondary mineralogy: microprobe, X-ray diffraction, and 
scanning-electron-microscope analyses of the serpentine and as
sociated phases (carbonates, etc.); oxygen-isotope studies; struc
tural and chronological study of the vein net and concentric al
teration aureoles; mechanisms of serpentinization at different 
scales; static vs. dynamic (shear zones) serpentinization at dif
ferent scales; isovolumetric vs. nonisovolumetric serpentiniza
tion; local and global geochemical budget of serpentinization. 

Many fundamental problems raised by the existence of this 
serpentinized mantle body on the western flank of the rift val
ley, about 50 km from the Kane Fracture Zone intersection, 
should be addressed by these shore-based studies and we hope 
also by future diving and drilling programs. 
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109-670A-1D-1 

UNIT 1: SERPENTINIZED HARZBURGITE 

is o E> Pieces 1-4 
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PIECE 1: DRILL CUTTINGS (SERPENTINIZED HARZBURGITE) 

PIECES 2 AND 4: SERPENTINIZED HARZBURGITE 

LAYERING: Massive, non-layered. 
DEFORMATION: None apparent In sample. 

PRIMARY MINERALOGY: 
Olivine - Mode: 89%. 
Crystal size: 0.01-1.0 mm. 
Crystal shape: Polygonal. 
Preferred orientation: Not apparent. 
Percent replacement: 100% with serpentine, magnetite, and carbonate. 

Orthopyroxene - Mode: 10%. 
Crystal size: 1.0-5.0 mm. 
Crystal shape: Elliptical to lensoid. 
Preferred orientation: Not apparent. 
Percent replacement: 60% with serpentinite + talc. 

Spinel-Mode: 1%. 
Crystal size: <1 mm. 
Crystal shape: Lensoid. 
Preferred orientation: Not apparent. . 
Percent replacement: None apparent. 

SECONDARY MINERALOGY: 
Total percent: 95%. 
Texture: Pseudomorphic replacement of orthopyroxene with serpentine (bastite)-rimmed talc. Mesh texture 
serpentine + magnetite + minor carbonate replacing olivine. 
Percent vein material: 5% of sample, veins <0.5 mm thick. 
Vein material: Chrysotile fibers oriented perpendicular to vein lengths, carbonate in veins is massive, 
common magnetite-filled veins. 

PIECE 3: APHYRIC BASALT 

GLASS: None, no contacts. 
PHENOCRYSTS: Homogeneous distribution. 

Olivine microphenocrysts - 5%, <0.5 mm, round, fresh to altered. 
GROUNDMASS: Fine grained. 
COLOR: Brownish gray. 
VESICLES: None. 

Miaroles: < 1 % , <1 mm, round, empty. 
ALTERATION: Fresh, dark alteration halo 5 mm wide along margin of sample, iron hydroxide partially replacing some 

olivine. 
VEINS/FRACTURES: None. 
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109-670A-2D-1 

UNIT 1 (continued): SERPENTINIZED HARZBURGITE 

Pieces 1-13 

PIECES 1-6 AND 8-12: SERPENTINIZED HARZBURGITE 

COLOR: Green. 
LAYERING: No primary layering. 
DEFORMATION: Well-defined foliation planes defined by preferred orientation of orthopyroxene porphyroclasts set 

in serpentinized olivine matrix; orthopyroxene is lens-shaped. 
PRIMARY MINERALOGY: 

Olivine - Mode: 89%. 
Crystal size: <1 mm. 
Crystal shape: Polygonal. 
Preferred orientation: Not apparent. 
Percent replacement: 100% with serpentine and magnetite. 

Orthopyroxene - Mode: 10%. 
Crystal size: 1-5 mm. 
Crystal shape: Lens, elongate. 
Preferred orientation: Yes, along foliation planes. 
Percent replacement: 60% with serpentine and talc. 

Spinel - Mode: 1%. 
Crystal size: 0.5 mm. 
Crystal shape: Lens-like, blocky; fragments elongate parallel to the foliation plane. 
Preferred orientation: Noted above. 
Percent replacement: Approximately 1% with magnetite. 

SECONDARY MINERALOGY: 
Total percent: 95%. 
Texture: Pseudomorphic replacement of orthopyroxene with serpentine and rim of talc, mesh texture 
replacement of olivine with serpentine, magnetite, and carbonate. 
Percent vein material: 1%, <1 mm thick. 
Vein material: Carbonate, magnetite, and serpentine; serpentine is fibrous; carbonate and magnetite are 
massive. 

PIECE 7: MEDIUM-GRAINED HYALOCLASTITE 

GLASS: Yes, angular-shaped fragments as large as 5 mm making 60% of sample, outer margins of shards altered 
to palagonite. 

PHENOCRYSTS: None. 
GROUNDMASS: Holohyaline fragments. 
COLOR: Black shards in a rusty brown matrix. 
VESICLES: < 1 % of total sample, 1 mm, round, empty, confined to glass. 
ALTERATION: Matrix and outer margins of glass shards altered to palagonite. 
VEINS/FRACTURES: Microfractures in matrix, empty. 

PIECE 13: DRILL CUTTINGS (SERPENTINIZED HARZBURGITE) 
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PIECE 1: SPARSELY PLAGIOCLASE-OLIVINE PHYRIC BASALT RUBBLE 
GLASS: None, no contacts. 
PHENOCRYSTS: Homogeneous distribution. 

Plagioclase - 2-3%, 2-3 mm, euhedral, fresh. 
Olivine - < 1 % , <1 mm, rounded, clay and iron hydroxide coatings. 

GROUNDMASS: Uniformly fine grained. 
COLOR: Gray. 
VESICLES: < 1 % (<5% of total voids), <1 mm, round, lined by blue clay, homogeneous distribution. 

Miaroles: 2%, as large as 2 mm, elongate irregular, concentrated in two patches near center of piece. 
ALTERATION: Slightly altered, sinuous multiple dark alteration halos 1 to 2 mm wide, roughly concentric to large 

miarolitic patches and to margins of sample; miaroles lined with thin greenish coating, and iocal iron 
hydroxides and manganese oxides. 

VEINS/FRACTURES: None. 
NOTE: Coated by calcareous mixture of microfossils, nannofossils, and altered glass. 

UNIT 1 (continued): SERPENTINIZED HARZBURGITE 

Pieces 2 and 3 

PIECE 2: SERPENTINIZED HARZBURGITE 

COLOR: Green gray. 
LAYERING: No primary layering. 
DEFORMATION: None apparent. 

PRIMARY MINERALOGY: 
Olivine - Mode: Approximately 90%. 
Crystal size: <1 mm. 
Crystal shape: Polygonal. 
Preferred orientation: Not apparent. 
Percent replacement: 100% with serpentine + magnetite. 

Orthopyroxene - Mode: 7-10%. 
Crystal size: 1—4 mm. 
Crystal shape: Round to elliptical. 
Preferred orientation: Not apparent. 
Percent replacement: 60% with serpentine + talc. 

Spinel - Mode: Approximately 1%. 
Crystal shape: Lens-like, blocky fragments, elongate. 
Preferred orientation: Not apparent. 
Percent replacement: Approximately 1% by magnetite. 

SECONDARY MINERALOGY: 
Total percent: 95%. 
Texture: Pseudomorphic replacement of orthopyroxene with serpentine and rim of talc; mesh texture 
replacement of olivine with serpentine, magnetite, and carbonate. 
Percent vein material: 1-2%, <1 mm thick. 
Vein material: Carbonate, magnetite, serpentine (chrysotile), chlorite(?), undetermined texture filling. 

PIECE 3: ASSORTED RUBBLE 

COMPRISES: Serpentinized harzburgite - 5 pieces, same as Piece 2. 
Sparsely plagioclase-olivine phyric basalt - 1 piece of rubble, similar to Piece 1. 
Aphyric basalt - One 13 x 7 mm piece of hydrothermally-altered aphyric basalt containing quartz and 
zeolite veins, groundmass strongly and pervasively altered to chlorite(?). 
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109-670 A-4W-1 

UNIT 1 (continued): SERPENTINIZED HARZBURGITE 

Pieces 1-4 

COLOR: Dark to light green. 
LAYERING: No apparent primary layering. 
DEFORMATION: Foliation defined by elliptical orthopyroxene porphyroclasts, inclination of foliation indeterminate. 
PRIMARY MINERALOGY: 

Olivine - Mode: 84-94%. 
Crystal size: <1 mm. 
Crystal shape: Polygonal. 
Preferred orientation: Not apparent. 
Percent replacement: 100% with serpentine, talc, and carbonate. 

Orthopyroxene - Mode: 5-15%. 
Crystal size: 0.3-1.2 mm. 
Crystal shape: Round to elliptical. 
Preferred orientation: Long axes of elliptical orthopyroxene are aligned. 
Percent replacement: 60% with serpentine and talc. 

Spinel - Mode: 1%. 
Crystal size: 0.1-0.5 mm. 
Crystal shape: Blocky, elongate. 
Preferred orientation: Grains are elongated in same orientation as elliptical orthopyroxene. 
Percent replacement: <5% with magnetite. 

SECONDARY MINERALOGY: 
Total percent: 87-93%. 
Texture: Serpentine mesh texture after olivine, bastite pseudomorphing orthopyroxene, talc + serpentine 
halos around orthopyroxene. 
Percent vein material: 1-2%, average <1 mm thick with one vein 1-2 mm thick. 
Vein material: Veinsfilled by one or more of carbonate, magnetite, and serpentine; thick vein in Piece 4B 
is deformed in same sense as defined by orthopyroxene grains. 
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UNIT 1 (continued): SERPENTINIZED HARZBURGITE 
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Pieces 1 and 2 

Similar to other samples from Unit 1. 

UNIT 2: SERPENTINIZED PERIDOTITE 

Pieces 3-17 

COLOR: Black to green. 
LAYERING: No primary layering apparent. 
DEFORMATION: Foliation defined by elongate orthopyroxene, foliation inclined at approximately 20° from horizontal. 
PRIMARY MINERALOGY: 

Olivine - Mode: 95%. 
Crystal size: Indeterminate in hand specimen. 
Crystal shape: Indeterminate in hand specimen. 
Preferred orientation: Not apparent. 
Percent replacement: 100% with serpentine + talc + carbonate. 

Orthopyroxene - Mode: 0-4%. 
Crystal size: 0.8-1.6 mm. 
Crystal shape: Elongate to elliptical. 
Preferred orientation: Defined by long axes of elongate orthopyroxene. 
Percent replacement: 0-100% with serpentine + talc. 

Spinel - Not apparent (see 109-670A-5R-02). 
SECONDARY MINERALOGY: 

Total percent: 96-100%. 
Texture: Distinctive "tortoise-sheirtexture developed throughout unit, polygonal domains in texture are 
defined by crosscutting black bands, possibly serpentine filled; within polygonal domains, concentric 
elliptical rings are defined by alternating bands of light to dark green minerals. 
Percent vein material: 1-10%, 1-4 mm thick. 
Vein material: Dark bands defining polygonal domains 1 - 4 mm thick, centers of dark bands contain white 
to light green mineral, Piece 16 has a greater concentration of bands filled with light green mineral. 
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UNIT 2 (continued): SERPENTINIZED PERIDOTITE 

Pieces 1-7 

PIECES 1-3 AND 5-7: SERPENTINIZED PERIDOTITE 
As in 109-670A-5R-01. 

PIECE 4: SERPENTINIZED PERIDOTITE 

As in 109-670A-5R-01, but with the following differences: 

PRIMARY MINERALOGY: 
Spinel - Mode: < 1 % . 
Crystal size: Approximately 1 mm long. 
Crystal shape: Blocky to elongate. 
Preferred orientation: May be defined by spinel layer. 
Percent replacement: Not apparent. 

UNIT 3: HARZBURGITE 

Pieces 8-19 

COLOR: Green. 
LAYERING: No primary layering apparent. 
DEFORMATION: Foliation defined by elongate orthopyroxene grains, foliation appears to be near horizontal. 
PRIMARY MINERALOGY: 

Olivine - Mode: 82-95%. 
Crystal size: <2 mm. 
Crystal shape: Polygonal. 
Preferred orientation: Not apparent in hand specimen. 
Percent replacement: Approximately 90%. 

Orthopyroxene - Mode: 5-15%. 
Crystal size: 0.5-1.6 cm. 
Crystal shape: Round to elongate. 
Preferred orientation: Defined by elongate orthopyroxene where present. 
Percent replacement: 0-10% with serpentine + magnetite + talc. 

Clinopyroxene - Mode: 0-2%. 
Crystal size: 3 mm. 
Crystal shape: Rounded. 
Preferred orientation: Not apparent. 
Percent replacement: 0-10% with pale green alteration assemblage. 

Spinel - Mode: 0 - 1 % . 
Crystal size: 0.7-1.0 mm. 
Crystal shape: Blocky to elongate. 
Preferred orientation: May be defined by elongate spinel. 
Percent replacement: <5% with magnetite. 

SECONDARY MINERALOGY: 
Total percent: 90% maximum. 
Texture: Mesh texture serpentine replacing olivine, fibrous bastite replacing orthopyroxene, magnetite 
rimming spinel, also dark halos around orthopyroxene. 
Percent vein material: < 1 % , 1-2 mm thick. 
Vein material: Veins filled by massive magnetite + serpentine; also white veins filled by fibrous material, 
possibly chrysotile. 
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SITE 670 

109-670 A-6R-1 

UNIT 3 (continued): HARZBURGITE 

Pieces 1-10 

COLOR: Green. 
LAYERING: Not apparent in hand specimen. 
DEFORMATION: Weak foliation defined by long axes of slightly elongate orthopyroxene grains, inclination 

approximately 20° from horizontal. 
PRIMARY MINERALOGY: 

Olivine - Mode: 80-95%. 
Crystal size: <0.2 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: Approximately 90% with serpentine + magnetite + talc. 

Orthopyroxene - Mode: 5-15%. 
Crystal size: Most are 0.6-0.8 cm, range is 0.1-3.6 cm. 
Crystal shape: Most round to slightly elongate, some very elongate. 
Preferred orientation: Weak foliation defined by long axes of elongate grains. 
Percent replacement: Approximately 10% by bastite. 

Clinopyroxene - Mode: 1-4%. 
Crystal size: 0.1-0.4 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: Indeterminate in hand specimen. 

Spinel-Mode: 1-2%. 
Crystal size: 0.1-0.3 mm. 
Crystal shape: Round to elongate, often blocky. 
Preferred orientation: Weakly aligned with elongate orthopyroxene. 
Percent replacement: 1 - 5 % with magnetite. 

SECONDARY MINERALOGY: 
Total percent: Maximum approximately 60%. 
Texture: Olivine replaced by serpentine, magnetite, and talc in mesh texture; orthopyroxene partially 
pseudomorphed by bastite; spinel rimmed by magnetite. 
Percent vein material: < 1 % , 1-2 mm thick. 
Vein material: Veins are black, possibly magnetite filled. 
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UNIT 3 (continued): HARZBURGITE 

Pieces 1-5 

COLOR: Green. 
LAYERING: Piece 1 contains layering defined by concentration of orthopyroxene. 

Thickness: Indeterminate. 
Azimuth and dip: Indeterminate. 
Modal layering: Defined by alternating orthopyroxene-rich and olivine-rich layers. 
Sequence and abundance: Indeterminate. 
Contact: Sharp. 

DEFORMATION: Foliation defined by long axes of tabular orthopyroxene grains. 
Piece 1: Foliation defined by disaggregated and drawn out spinel, and by elongated serpentine halos 
which extend from orthopyroxene. 

PRIMARY MINERALOGY: 
Olivine - Mode: 85-95%. 
Crystal size: <0.2 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: Approximately 70% with talc + serpentine + magnetite. 

Orthopyroxene - Mode: 3-10%. 
Crystal size: As large as 8 mm. 
Crystal shape: Round to elliptical. 
Preferred orientation: Defined by long axes of elliptical orthopyroxene grains, weak. 
Percent replacement: 0-10% with talc, serpentine. 

Clinopyroxene - Mode: 1-4%. 
Crystal size: As large as 4 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: 0%, looks fresh. 

Spinel - Mode: 1%. 
Crystal size: 1-2 mm. 
Crystal shape: Blocky to elliptical. 
Preferred orientation: Defined by long axes of some elliptical spinel grains. 
Percent replacement: <5% with magnetite. 

SECONDARY MINERALOGY: 
Total percent: 70%. 
Texture: Olivine replaced by serpentine, magnetite, and talc in a mesh texture; orthopyroxene 
pseudomorphed by bastite and rimmed by talc; spinel rimmed by magnetite. 
Percent vein material: < 1 % , <1 mm thick. 
Vein material: Most veins are black, possibly magnetite filled; some veins filled by white material, possibly 
chrysotile. 
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109-670A-7R-1 

UNIT 4: SERPENTINITE 

Pieces 6-13 

COLOR: Black and white mottled. 
LAYERING: Not apparent. 
DEFORMATION: Possible shear zones between Pieces 7A and 7C and between 13B and t3D; parts of Piece 6 

were embedded in sheared matrix material. Material was removed and placed with Pieces 7B, 13C, and 
6B, respectively. 
Piece 6: Serpentine-rich material consisting of massive light green fibers surrounding pieces. 
Pieces 7Aand 7C: Separated by a massive serpentine vein approximately 1.5 cm thick consisting of light 
green serpentine needles > 1 cm in length; both pieces contain talc + serpentine-rich layer on one side 
which defines the boundary of the shear zone. 
Piece 13: Massive serpentine-rich zones between Pieces 13A, 13B, and 13D, similar to those found 
between 7A and 7C. 
No apparent foliation defined by elongate minerals. 

PRIMARY MINERALOGY: 
Olivine - Mode: 95%. 
Crystal size: Indeterminate in hand specimen. 
Crystal shape: Cannot be determined in hand specimen. 
Preferred orientation: Not apparent. 
Percent replacement: 100% with serpentine, talc, and magnetite. 

Orthopyroxene - Mode: 4-5%. 
Crystal size: 2-6 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: As much as 90% with serpentine + talc. 

Spinel - Mode: 1-<1%. 
Crystal size: <1 mm. 
Crystal shape: Round to elliptical. 
Preferred orientation: Piece 10 defined by long axes of elliptical spinel grains. 
Percent replacement: As much as 10%, rimmed with magnetite. 
Clinopyroxene (Piece 9) - Mode: < 1 % . 
Crystal size: 4 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: 0%, fresh. 

SECONDARY MINERALOGY: 
Total percent: As much as 99%. 
Texture: Olivine replaced by alternating bands of dark and light secondary phases, orthopyroxene 
pseudomorphed by bastite and rimmed by talc, spinel rimmed by magnetite. 
Percent vein material: As much as 5% in rock pieces, 1 mm to 2 cm thick. 
Vein material: White talc veins as wide as 1 mm, blue-green opaline serpentine veins 2 mm wide, rich 
veins in Pieces 6-7 and 13 (see deformation section for description). 

NOTE: Shading on graphic representation denotes freeze-dried vein material in correct stratigraphic position. 
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UNIT 5: HARZBURGITE 

Pieces 1-5 

NOTE: Unit similar to Unit 3. 

COLOR: Green. 
LAYERING: Not apparent. 
DEFORMATION: Defined by elongated orthopyroxene in Piece 1. 

PRIMARY MINERALOGY: 
Olivine - Mode: 90%. 
Crystal size: <1 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: As much as 80% with serpentine + magnetite. 

Orthopyroxene - Mode: 5-15%. 
Crystal size: 3-6 mm. 
Crystal shape: Round to elliptical and elongate. 
Preferred orientation: Defined by long axes of elongate orthopyroxene in Piece 1. 
Percent replacement: 1-20% by bastite. 

Clinopyroxene - Mode: 1-2%. 
Crystal size: 1-2 mm. 
Crystal shape: Round. 
Preferred orientation: Not apparent. 
Percent replacement: Fresh. 

Spinel - Mode: 1%. 
Crystal size: 1-2 mm, some as large as 5 mm. 
Crystal shape: Blocky to elliptical. 
Preferred orientation: Defined by long axes of elliptical spinel grains. 
Percent replacement: <5% with magnetite. 

SECONDARY MINERALOGY: 
Total percent: 50-70%. 
Texture: Mesh texture serpentine, magnetite replacing olivine, bastite pseudomorphing orthopyroxene, 
magnetite rims to spinel. 
Percent vein material: < 1 % , <1 mm thick. 
Vein material: Black magnetite-filled veins, and short (<3 mm) serpentine-filled white veins. 
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SITE 670 

109-670A-9R-1 

UNIT 6: ASSORTED RUBBLE 

Pieces 1-14 

PIECES 1, 3, 9, AND12: SERPENTINIZED HARZBURGITE 

COLOR: Green to black-green. 
LAYERING: No primary layering apparent. 
DEFORMATION: Foliation defined by long axis of tabulated orthopyroxene. 

PRIMARY MINERALOGY: 
Olivine - Mode: 80-90%. 
Crystal size: 2-4 mm in Piece 1, <0.2 mm in other pieces. 
Crystal shape: Elongated in Piece 1. 
Preferred orientation: Not apparent. 
Percent replacement: 50% with serpentine, magnetite, and talc in Piece 1; approximately 70% with same 
minerals in other pieces. 

Orthopyroxene - Mode: 7-18%. 
Crystal size: As large as 10 mm. 
Crystal shape: Round to tabular. 
Preferred orientation: Defined by long axes of elliptical orthopyroxene grains. 
Percent replacement: 10-20% by talc and serpentine. 

Clinopyroxene - Mode: 1-2%. 
Crystal size: As large as 3 mm. 
Crystal shape: Blocky to round. 
Preferred orientation: Not apparent. 
Percent replacement: 5-10% with serpentine, talc, and possible chlorite. 

Spinel - Mode: 1%. 
Crystal size: <1 mm. 
Crystal shape: Blocky. 
Preferred orientation: Not apparent. 
Percent replacement: 0-5% with magnetite. 

SECONDARY MINERALOGY: 
Total percent: 64%. 
Texture: Olivine replaced by serpentine, magnetite, and talc in a mesh structure; orthopyroxene 
pseudomorphed by bastite; clinopyroxene replaced by serpentine, talc, and possibly chlorite. 
Percent vein material: Approximately 2%, as large as 1 mm thick. 
Vein material: Most veins are black, possible magnetite-filled; some veins are filled by pale green material 
(probably serpentine + talc). 

PIECES 2, 4-8, 10, 11, 13, AND 14: SERPENTINITE 

COLOR: Mottled black and white. 
LAYERING: No primary layering apparent. 
DEFORMATION: Not apparent except for in Piece 14 where a 1 - 2 cm-wide sheared zone exists, filled with antigorite, 

carbonate, and tremolite. 
PRIMARY MINERALOGY: 

Olivine - Mode: 95-99%. 
Crystal size: Indeterminate in hand specimen. 
Crystal shape: Indeterminate in hand specimen. 
Preferred orientation: Not apparent. 
Percent replacement: 100% with serpentine, magnetite, talc, and carbonates. 

Orthopyroxene - Mode: 0-4%. 
Crystal size: As large as 4 mm. 
Crystal shape: Tabular. 
Preferred orientation: Not apparent. 
Percent replacement: 70-100% by bastite. 

Spinel - Mode: 1%. 
Crystal size: 1-2 mm. 
Crystal shape: Blocky to rounded. 
Preferred orientation: Not apparent. 
Percent replacement: Fresh. 

SECONDARY MINERALOGY: 
Total percent: As much as 99%. 
Texture: Distinctive "tortoise-sheirtexture, except for Piece 8 which has a net texture; polygonal domains 
are defined by black serpentine minerals. 
Percent vein material: Pieces 6, 10, and 14: 5-20%, as large as 1 cm. 
Vein material: Filled with light-colored serpentine mineral, possibly antigorite (Pieces 6, 10, and 14); 
Piece 14 also contains veins composed of tremolite, carbonate, and antigorite; Piece 11 contains clay plus 
sheet silicate-rich matrix containing rubble. 



SITE 670 

109-670A-10W-1 

DRILL CUTTINGS: SERPENTINITE, HARZBURGITE, HYALOCLASTITE, BASALT, AND 
SERPENTINE MINERALS 

is o 

I I I 
i f y ^ 

50' 

100 

150-
CORE/SECTION 10-1 

236 



SITE 670 

109-670A-10W-2 

DRILL CUTTINGS: SERPENTINITE, HARZBURGITE, HYALOCLASTITE, BASALT, AND 
SERPENTINE MINERALS 
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