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9. METAMORPHIC PETROLOGY OF ODP LEG 109, HOLE 670A SERPENTINIZED PERIDOTITES:
SERPENTINIZATION PROCESSES AT A SLOW SPREADING RIDGE ENVIRONMENT!

R. Hébert,2 A. C. Adamson,? and S. C. Komor*

ABSTRACT

In this paper we describe textural relationships in hydrated upper mantle peridotites emplaced at a non-
constructive ridge segment. Development of serpentinites and partially serpentinized peridotites takes place in four
main stages: (1) pervasive serpentinization forming mainly lizardite, (2) a tensional stage forming chrysotile + talc
+ chlorite, (3) a deformational stage forming antigorite + tremolite, and (4) a late local tensional stage forming
another generation of chrysotile veinlets. Mineral chemistry of serpentine pseudomorphs reflects in part primary
mineral compositions. Olivine pseudomorphs are typically nickeliferous and depleted in aluminum and chromium.
Orthopyroxene pseudomorphs have lower nickel contents and relatively high iron, aluminum, and chromium
contents. Clinopyroxene pseudomorphs have very low nickel contents and relatively high aluminum and chromium
contents. These chemical patterns in the serperitinites can be used to help discriminate between harzburgitic and
lherzolitic protoliths. Oxygen isotopes and mineral parageneses suggest serpentine is derived from circulation of
hydrothermal (200°C) fluids through the peridotite body. Crystallization of tremolite, talc, and chlorite may have
occurred at temperatures up to 525°C if CO,/H,0 ratios were less than 0.25. Open fissures developing in aging upper
mantle provide paths for important seawater circulation through a thin basaltic carapace down to shallow mantle

rocks.

INTRODUCTION

Various types of serpentinites and partly serpentinized
harzburgites were recovered during Leg 109 at Site 670,
located on the west flank of the Mid-Atlantic Ridge rift valley
(Fig. 1). These rocks record several stages of hydration and
deformation that have generated complex mineral replace-
ment and crosscutting relationships. The aim of this paper is
to understand the processes of serpentinization and the con-
ditions of formation of these disequilibrium mineral assem-
blages. Detailed petrographic and petrologic analysis of these
rocks reveals how replacement occurred and the types and
sequences of replacement. The mineral assemblages and
oxygen isotope geochemistry help to constrain the ther-
mobarometric conditions and fluid properties that controlled
the replacement processes.

SUMMARY OF SERPENTINIZATION STRUCTURES
AND TEXTURES

Studies of primary mineralogy show that the initial com-
position of the rocks from Hole 670A is bracketed between
dunite and clinopyroxene-bearing harzburgite (see Komor et
al., this volume and Hébert et al., this volume). These rocks
exhibit various stages of serpentinization. The intensity of
serpentinization, proceeding in several steps, varies from 40%
to 100%. Serpentinites are found in Cores 670A-5R, -7R, and
-9R (Fig. 2), where 5 to 10 modal % of relict primary
orthopyroxene porphyroclasts and spinel are still present.
These samples represent intensively hydrated peridotites
(dunites). Extensive fluid migration first produced pervasive
serpentinization (lizardite phase; Aumento, 1970) and resulted
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in the formation of mega-mesh texture, allowing further cir-
culation of seawater and rock-seawater interaction along
multiple fronts. Intergrowths and interlayering of talc, lizard-
ite, and small amounts of antigorite provide evidence for local
variability of fluid compositions and activities of SiO,, MgO,
and other components (see Shipboard Scientific Party, 1988).
These textures are especially well developed in Samples
670A-5R-1, 45-57 cm, 670A-5R-1, 8-11 cm, and 670A-5R-2,
11-17 cm. In these samples, mega-mesh textures are high-
lighted by late-stage or vein-filling antigorite(?) and chrysotile
(identifications based on textural relationships). In Core 670A-
7R (Pieces 7A-7F) the serpentinites are sheared and more
severely metamorphosed. A cataclastic texture is present
comprising a complex mixture of lizardite replaced by talc,
antigorite, and chrysotile. Overgrowths of tremolite, chlorite
(clinochlore), and carbonate superimposed on this complex
assemblages are observed. Centimeter-thick veins of massive
serpentinite define fault planes in the cataclasized zone. This
deformation is likely to be related to volume increases and the
stresses resulting from serpentinization (Janecky and Sey-
fried, 1986).

Detailed petrography reveals that serpentinization pro-
ceeded in four main stages:

Stage 1: Pervasive serpentinization (e.g., Samples 670A-
5R-1, 50-52 cm, and 670A-9R-1, 10-12 cm)

This stage is seen in various states of advancement. The
general order of replacement is olivine, orthopyroxene, cli-
nopyroxene, and spinel. Pale green to reddish and dark brown
(weathered?) lizardite replaces olivine and forms polygonal
mesh texture with structureless serpentine cores (Wicks and
Whittaker, 1977; Plate 1, Fig. 1). Orthopyroxene and clinopy-
roxene are pseudomorphed by lizardite (bastite). Magnetite
seams (0.1-0.3 mm wide) are observed along the primary
grain boundaries and/or cleavages. The outermost rims of the
pseudomorphs are replaced by fibrous chrysotile and/or flaky
talc. The olivine pseudomorphs are in turn cut by chrysotile
veinlets, and magnetite lines the contacts between the veinlets
and unaltered olivine. The bastite pseudomorphs are partially
replaced by talc at the rims or along preserved 001 cleavage
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Figure |. Sea Beam bathymetric map of the MARK area showing location of Site 670 on the west side of the
Mid-Atlantic Ridge rift valley. Other ODP sites in this area are shown for reference. Contour interval 250 m.
Depths shallower than 3000 m are unshaded, depths between 3000 and 4000 m are indicated by a light stipple

pattern, and depths greater than 4000 m are darkly shaded. After Detrick et al. (1988).
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Figure 2. Synthesis of recovered cores of serpentinized rocks from Hole 670A. From Shipboard Scientific Party (1988).

planes. Translucent spinels are partially altered to opaque
magnetite or ferrite-chromite around the margins and along
cracks leaving fresh cores. In Sample 670A-5R-1, 111-113 cm,
spinel replacement is complete. Spinels are also rimmed by
chlorite with anomalous blue interference colors (e.g., Sample
670A-7R-1, 43-45 cm).

Stage 2: Tensional stage serpentinization (e.g., Sample
670A-3W-1, 12—14 cm)

In this stage, chrysotile crystallizes in dilation fractures
that form an orthogonal or irregular net. Chrysotile fibers
grow perpendicularly to fissure walls suggesting simultaneous
dilation and growth (Riordon, 1955). Magnetite granules are
concentrated at adjacent fissure wall-rock contacts. In Sample
670A-7R-1, 43—45 cm, talc and chlorite accompany chrysotile
growth or slightly postdate its development. This relationship
is observed when the rock is deformed. These deformed areas
(up to 3 mm across) are then invaded by talc and chlorite
intergrowths or veinlets. The areas are in turn cut by
chrysotile and chlorite veinlets, or form the starting point of
radiating chrysotile-chlorite veinlets. The shearing sub-stage

of the main tensional stage leads to the formation of sheared
chrysotile veins. Chrysotile fibers in those veins form acute
angles with the vein walls and magnetite veins (Plate 1, Fig. 2).
This could represent an intermediate stage toward antigorite
formation (Stage 3). In Sample 670A-9R-1, 10-12 cm, talc +
chlorite assemblages cut the polygonal olivine pseudomorphs
instead of chrysotile. This event can be explained by having
heterogeneous metamorphic fluids. Stage 2 serpentinization is
a process capable of generating localized high strains and
stresses, with episodic cracking, that allows seawater to
invade peridotite bodies (Macdonald and Fyfe, 1985).

Stage 3: Deformational stage and formation of antigorite

Local formation of antigorite (less than 5% in mode) is
accompanied by shearing oblique to the primary foliation. The
shear zones are irregular (0.5-1 cm thick), and are not present
in all the samples studied (e.g., Sample 670A-5R-1, 111-113
cm). Lizardite is recrystallized into antigorite and subordinate
chrysotile, talc, and carbonate. The texture consists of inter-
locking antigorite flakes or platy crystals with no pseudomor-
phic replacement. The formation of antigorite in shear planes
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is also characterized by the intense development of talc and
chlorite in variably oriented veinlets cutting antigorite crystals
(Plate 1, Fig. 3). The veins are themselves deformed by
parallel or oblique shear planes. Some of the antigorite is
replaced by colorless magnesian chlorite (e.g., Sample 670A-
9R-1, 107-109 cm) and by fibrous acicular tremolite. Tremolite
fibers are 0.3—0.8 mm long and grow in the antigorite-rich area
of the serpentinites. The tremolite fibers are slightly deformed
to undeformed indicating crystallization contemporaneous
with the release of strain in the rocks. Tremolite also occur in
talc-chlorite-rich sections of the serpentinites, and postdates
this assemblage (e.g., Sample 670A-5R-2, 50-52 cm).

Stage 4: Late tensional event serpentinization (e.g., Sam-
ples 670A-5R-1, 111-113 ¢m, and 670A-9R-1, 107-109 cm)

This is a late-stage tensional event that allowed chrysotile
to crystallize in newly opened fissures. These veinlets (up to
0.3 mm thick), though rare (forming about 1% of the rocks),
cut all previously described textures. They represent the latest
stage of metamorphism preserved in the Leg 109 serpen-
tinites.

MINERAL CHEMISTRY OF THE METAMORPHIC
ASSEMBLAGES

In this section we present the mineral chemistry of the
metamorphic phases and discuss relationships with primary
mineral chemistry. The data are discussed in relation to the
four stages of serpentinization described above.

Analytical procedures

X-ray diffraction of the samples was made in order to discriminate
serpentine minerals. All thin sections were studied under cathode
luminescence in order to detect the presence of CaCO;.

Chemical analyses were determined by electron microprobe anal-
ysis using a JEOL model JAX-733 **Superprobe’ at Southern Meth-
odist University, Dallas, TX. Normal operating conditions were 15 kV
excitation voltage, 20 nA beam current, and 30 s counting time. Beam
diameters were 10 to 20 um. Elements analyzed for were sodium,
magnesium, aluminum, silicon, sulfur, chlorine, potassium, calcium,
titanium, chromium, iron, and nickel. A total of 700 microprobe
analyses was performed. A representative set of analyses is reported
in Table 1.

Isotope geochemistry analyses were obtained at the University of
Wisconsin. Whole-rock oxygen isotope determinations were made on
serpentinites using the BrFs extraction technique and a Finnigan/Mat-
251 triple collecting mass spectrometer. [sotope ratios are expressed
in the standard per mil notation relative to SMOW (Standard Mean
Ocean Water).

Mineral chemistry of the serpentine polymorphs

Primary and secondary mineral chemistry was compared in
order to determine the protolith of the serpentinites. In Figure
3, we observe that olivine-derived serpentines are the most
nickeliferous, followed by orthopyroxene-derived and cli-
nopyroxene-derived pseudomorphs. This pattern of nickel
distribution reflects the observed nickel contents of the re-
spective primary silicates (Table 1). Compared to the nickel
contents of the primary phases, the nickel contents of serpen-
tinized phases are mostly preserved or increased for py-
roxenes, or lowered for olivine. The chromium contents of
primary silicates and their corresponding pseudomorphs show
the same relationship (Fig. 4). In this case, however, chro-
mium contents are both higher and lower in the pyroxene-
derived pseudomorphs than recorded in the olivine-derived
pseudomorphs reflecting initial chromium values. It is of
interest to note that olivine pseudomorphs contain little or no
chromium, an observation useful in discriminating this former
silicate phase. In Figure 5, the distribution of Al,0; between
primary silicates and serpentine pseudomorphs is shown.
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Al,O; appears to behave in a similar manner to Cr,0;. The
olivine-derived pseudomorphs are typically depleted in
Al,0; making them easily distinguishable from pyroxene
pseudomorphs. Unfortunately, the lack of data does not
allow us to clearly separate orthopyroxene-derived and
clinopyroxene-derived pseudomorphs. However, Figure 5§
clearly shows that orthopyroxene-derived pseudomorphs
exhibit both gains and losses of Cr,0;, whereas clinopyrox-
ene-derived pseudomorphs show systematic impoverish-
ment. In Figure 6, which combines the previous aluminum-
chromium results, we see that the different pseudomorphs
cannot be clearly separated on this basis. Dungan (1979) has
shown a better defined distribution of orthopyroxene and
clinopyroxene pseudomorph chemistry. Our data indicate
such a separation, but data on the pyroxene-derived serpen-
tine overlap. FeO content in the orthopyroxene-derived
serpentine is generally higher than in the clinopyroxene-
derived serpentine. We can conclude that serpentine chem-
istry does partly reflect initial mineral chemistry of primary
pyroxene phases. This offers a potential discrimination
technique for identifying serpentinite protoliths (e.g.,
harzburgite vs. lherzolite). Identification of serpentinite pro-
toliths is of great importance when trying to understand the
distribution of refractory and fertile upper mantle material
along mid-ocean ridge axes.

OXYGEN ISOTOPE GEOCHEMISTRY

Whole rock oxygen isotope geochemical results (nine anal-
yses; Table 2) are reported from depths varying from 15 to 85
m below seafloor in Hole 670A (Fig. 7). Values of 80
(SMOW) range from 3.7 to 8.8, suggesting final equilibration
with hydrothermal fluids that circulated through the peridot-
ites. Seawater is the main constituent of these fluids (Wenner
and Taylor, 1973). Temperatures of fluid equilibration with the
serpentinites suggested by the §'®0 data are interpreted to be
generally near 200°C (see Komor et al., this volume). The
results presented here are in the same range of those pre-
sented by Wenner and Taylor (1973) and Magaritz and Taylor
(1974), and summarized in Moody (1979). Comparison with
results from the Sarmiento ophiolite (Elthon et al., 1984)
indicates higher temperatures of upper greenschist to actino-
lite facies (500°-600°C after Taylor, 1974). It is suggested that
Hole 670A serpentinites formed in a location where no near-
surface magma source was present. However, in this environ-
ment of depressed isotherms, the O-isotopes reflect lower
temperatures for a given depth than would be present at
normal spreading ridges. Temperatures of the serpentinizing
fluids also can be constrained by mineral-fluid equilibria.
Maximum temperatures would lie close to the upper stability
limit of antigorite, that is, up to 550°C at 2 kb, corresponding
to low lithostatic pressures (Evans, 1977; Vance and Dungan,
1977) and XCO, of the fluid up to 0.25. Increased concentra-
tion of aluminum content in lizardite would tend to increase
the temperature stability limit to 580°C at 2 kb PH,0 (Caruso
and Chernosky, 1979). Such temperatures involve deep pen-
etration of seawater into oceanic crust (=5 km) and are
consistent with the results of Gregory and Taylor (1981) for
the Oman ophiolite (8'®0 = 5.2—13.6), the results of Elthon et
al. (1984) for the Sarmiento ophiolite (§'80 = 2.6-9.8); and the
results of Spooner et al. (1977) and Heaton and Sheppard
(1977) for the Troodos ophiolite (§'*0 = 6.5-7.4 and 4.4-5.3,
respectively).

DISCUSSION

Peridotites from Hole 670A are variably serpentinized and
deformed. Serpentinization products are chiefly dependent
upon the protolith composition of the peridotites. Pervasive
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Table 1. Primary and secondary mineral analyses of serpentinized peridotites from Hole 670A.

Sample Depth! Ref. Na,0 MgO ALO; S0, SO; C K;0 CaO TiO; Cr,0; MnO FeO* NiO Total Min’

ID-1, 19-21 cm 66 475 002 31.61 48 5474 001 00 00l 123 00 08 010 601 009 9.5 opx
476 006 3152 587 3750 004 011 004 006 00 09 019 650 021 83.05

3W-1, 10-11 cm 70 3% 003 3179 513 5353 00 002 00 206 002 076 0.06 602 012 9.64 opx
340 0.04 3081 919 3412 00 008 00 0.I1 014 LI19 016 871 029 B84.84

343 002 3147 518 5315 043 00 00 205 00 79 014 598 0.7 99.08 opx
3¢5 0.03 3318 484 3778 0.0 024 003 004 00 038 016 692 042 84.01

2D-1, 45-47 cm 17.3 57 0.03 32.43 5.1 55.23  0.06 0.0 0.0 1.83  0.05 0.73 0.13 533 0.13 10104 opx
56 0.03 30.82 6.62 3597 0.8 015 00 0.06 0.10 0.56 0.25 6.73  0.11 81.58
290  0.03 31.84 4.46 5475 0.0 0.0 0.0 1.88  0.13 0.61 0.12 6.37  0.18 100.36 opx
291 0.07 33.02 5.35 37.09 016 0.07 0.02 0.05  0.05 0.79 0.26 742 0.20 84.54
293 0.03 31.05 4.86 5433 0.02 0.0 0.0 255 0.04 0.77 0.16 6.37  0.16 100.36 opx
292 0.14 35.58 2.59 4227  0.15 0.04 0.08 0.06 0.02 0.07 0.25 3.89  0.07 8512
294 0.01 32.12 4.59 5523 00 0.0 0.0 1.34  0.13 0.71 0.14 547  0.14 100.88 opx
295 0.1 32.94 391 3832 024 0.06 0.05 0.08 0.07 1.00 0.18 6.43 0.18 83.56
296 0.03 31.85 5.04 54.17 0.0  0.01 0.02 1.50  0.04 0.78 0.16 6.45  0.14 10020 opx
297 0.03 31.82 6.42 3556 030 0.12 0.02 0.03 0.03 1.27 0.29 8.23 0.19  84.30
298 0.0 311 5.32 5417 00 0.0 0.01 200  0.09 0.85 0.14 6.52  0.16 10036 opx
299 0.09 31.29 7.10 3472 027 009 0.04 0.06 0.10 1.12 0.31 843  0.23 B3.84
301 0.02 31.49 4.29 5468 00 0.0 0.0 225 0.02 0.68 0.14 623  0.13 9992 opx
300 0.06  30.22 8.16 3398 021 0.08 0.0 0.07 0.10 1.15 0.30 8.87 0.28 8349

2D-1, 54-56 cm 17.4 214 0.03 31.32 4.64 5459 0.0 001 0.01 1.23  0.05 0.76 0.13 568 0.07 9852 opx
215 0.04 32.09 6.63 36.03 029 021 0.0 0.05 0.09 1.13 0.18 5.78 029 82.81
304 0.03 31.09  4.66 5399 00 0.0 0.01 239 0.01 0.62 0.17 6.10 0.15 9923 opx
305 0.03 30.75 3.90 3696 030 021 0.01 0.02  0.06 0.55 0.13 432 0.20 8245
306 0.03 31.76 416 5507 00 0.0 0.01 2.54  0.04 0.63 0.16 565 0.4 10020 opx
307 0.02 30.25 5.59 37.06 009 009 0.0 0.03  0.05 0.99 0.07 477  0.20 8520
312 0.02 30.05 4.69 5429 0.04 00 0.0 1.60  0.08 0.68 0.16 6.19  0.11 9991 opx
313 0.06  29.39 9.58 3426  0.14 0.13  0.05 0.06 0.04 1.18 0.19 8.02 0.21 8331
447 0.02 32.41 477 5476  0.02 0.0 0.01 1.40  0.13 0.70 0.18 6.16  0.17 100.71 opx
448 0.01 37.03 6.68 3473 0.10 021  0.02 0.04 0.04 1.50 0.08 28 0.19 8305
308 0.16 16.74 6.25 4983 00 0.0 0.0 2104 0.09 0.99 0.12 3.18  0.07 98.48 cpx
309 0.03 35.81 3.39 3785  0.16 0.14 0.04 0.06 0.09 0.42 0.29 278 015 81.20
314 0.14 16.44 5.90 4999 0.0 002 00 2163 0.18 0.97 0.12 3.18  0.13  98.70 cpx
315 0.03 34.15 6.67 3564 020 0.10 0.0 0.06 0.18 1.27 0.41 4,11 0.19  83.02

4W-1, 27-30 cm 26.6 171 0.0 30.36 5.48 5482 0.01 0.0 0.02 1.38  0.02 0.89 0.13 538  0.04 98.56 opx
172 0.04 34.46 3.51 36.41 026 036 0.0 0.46 0.12 1.01 0.27 6.19  0.12 83.20
176  0.04 31.78 4.02 5571 00 002 0.0 1.11 - 0.10 0.51 0.16 5.73 0.17 9936 opx
175 0.04  33.63 1.78 37.14 031 055 0.0 0.63 0.07 0.60 0.23 6.63 0.18 81.79
183 0.03 31.98 3.87 56.21 0.0 0.0 0.01 1.39 0.0 0.56 0.13 534 0.22 9974 opx
184 0.02 34.00 2.38 3832 021 029 0.02 0.25 0.05 0.41 0.20 439  0.20 80.55
395 0.02 32.32 5.04 5480 0.01 001 0.0 .71 0.06 0.80 0.13 6.23  0.17 101.29 opx
39  0.05 31.80 4.72 3785 009 014 0.0 082 0.11 0.62 0.15 6.09 0.11 8255
397 0.03 29.98 5.01 5461  0.01 0.0 0.01 1.91  0.03 0.82 0.11 6.31 0.14 9896 opx
398 0.06  34.68 3.54 3711 035 013 0.0 0.13  0.04 0.79 0.26 545 0.14 82.68
399 0.02 32.12 5.26 5433 00 0.0 0.01 1.79  0.10 0.85 0.18 6.21 0.16 101.02  opx
399 0.02 32.12 5.26 5433 00 0.0 0.01 1.79  0.10 0.85 0.18 6.21 0.16 101.02 opx
400  0.04 3466 317 36.47 030 032 0.01 0.89 0.07 0.63 0.23 505 0.5 82.00
401 0.03 30.92 4.71 5454 005 0.01 0.01 206  0.11 0.77 0.19 622  0.17 9979 opx
402 0.17 31.98 4.10 41.87 0.07 0.08 0.06 266 0.03 0.46 0.16 592 0.1 87.67
403 0.03 32.32 4.09 5494 00 0.01 0.01 207 0.04 0.53 0.18 6.15  0.12 10050 opx
404 0.05 34.99 2.70 37.50 029 031 0.01 0.06 0.02 0.54 0.27 7.17  0.15 8405
405 0.04  32.09 423 5591  0.01 0.0 0.0 2.57  0.03 0.49 0.15 585  0.12 10149 opx
406 0.04 34.12 2.43 3790 036 023  0.01 0.56 0.04 0.46 0.22 673  0.12 8231
421 0.0 32.95 4.15 5552 00 0.0 0.0 .72 0.06 0.53 0.17 6.22  0.11 101.44 opx
422 0.04 34.67 2.29 3587 053 040 0.0 039  0.01 0.47 0.32 6.87 0.12  81.98
433 0.02 32.04 482 5432 00 00 0.0 1.68 0.0 0.86 0.12 6.04  0.14 100.03 opx
434 0.05 37.03 2.56 36.16 040 030 0.01 0.08  0.05 0.02 0.18 455 050 8189
276 0.04 32.02 5.6 5449 0.0 0.0 0.01 240 0.03 0.94 0.15 6.15  0.16 101.64 opx
275 0.04 38.49  0.03 3932 011 013 00 0.04 001 0.0 0.08 490 038 8354
417 0.16 17.07 5.77 50.91  0.01 0.02 0.0 21.41  0.11 1.00 0.16 3.21 0.10  99.92  cpx
418 0.04 36.63 0.50 36.63 031 056 0.0 0.11 003 0.03 0.16 6.34  0.54 81.88
423 0.20 16.91 5.11 51.74 0.0 0.01 0.0 2248  0.15 0.92 0.13 269  0.08 100.41 epx
424 0.04 36.50  0.80 3550 045 0.58 0.02 0.10 0.0 0.03 0.18 6.02 0.55 80.77
425 0.16 16.18 497 5145 00 001 0.0 2295  0.05 0.82 0.09 269 011 9947 cpx
426 0.04 36.86  0.56 36.89  0.14 027 0.02 0.09 0.0 0.05 0.22 6.08 054 8176
427 0.18 16.98 5.29 51.81  0.04 0.0 0.01 22,17  0.09 0.97 0.11 305 008 10079 cpx
428 0.05 36.61 1.32 36.38  0.13 029 0.01 0.10  0.07 0.20 0.14 645 0.68 82.42
173 0.02  47.82 0.03 41.29  0.02 0.02 00 0.04 0.0 0.0 0.12 838 041 98.16 ol
174 0.03 36.12 0.28 38.32 0.8 054 0.0 0.04 0.0 0.04 0.06 486 041  80.87
177 0.02 4889 0.0 41.60 0.02 0.0 0.01 0.02 0.02 0.02 0.08 874 039 9982 ol
178 0.03 37.41 0.0 3870 0.19 035 0.0 0.04 0.0 0.0 0.12 486 032 8202
179 0.01 48.95 0.0 41.48  0.04 0.0 0.0 0.04 0.02 0.0 0.13 858  0.40 9964 ol
180 0.03 3830 0.04 31.81  0.16 148 0.01 0.04 0.0 0.0 0.07 793 029 80.15
407 0.03 50.00 0.0 4095 00 0.0 0.01 0.04 0.0 0.02 0.17 9.82  0.50 10155 ol
408 0.04  38.78 0.02 36.28  0.05 0.80 0.01 0.02 0.0 0.02 0.10 7.62  0.36  84.09
409 0.0 49.98 0.03 41.04 0.0 0.0 0.01 0.04 0.04 0.0 0.16 9.54 046 100130 ol
410 0.03 3828 0.04 39.12 019 0.6 0.0 0.05 0.0 0.02 0.07 5.21 0.43  83.59
411 0.01 49.49  0.04 41.34 001 0.0 001" 005 0.0 0.02 0.15 9.36  0.52 101.00 ol
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Table 1 (continued).

-

Sample Depth! Ref. Na0 MgO AlLO; S0, S0; Cl K0 CaO TiO Cr03 MnO FeO* NiO Total Min?

412 0.05 38.37 0.05 3938 0.8 023 0.0 0.03 0.0 0.0 0.06 5.21 0.44 84.01
413 0.01 49.63 0.0 41.02  0.02 0.0 0.0 0.04 0.02 0.02 0.16 9.13 0.48 100.55 ol
414 0.04 38.27 0.04 3877 0.14 042 00 0.02  0.01 0.04 0.11 5.68 0.45 84.00
415 0.0 49.71 0.02 41.55 0.0 0.0 0.02 0.06 0.07 0.0 0.14 9.37 0.48 101.40 ol
416  0.03 38.68 0.04 3345 0,09 131 0,01 0.05 0.0 0.07 0.18 8.85 0.45 83.21
419 0.0 49.80 0.02 41.27  0.04 0.0 0.0 0.02 0.03 0.04 0.13 9.30 0.50 10115 ol
420 0.03 37.29 0.11 38.54 023 036 0.0 0.04 0.02 0.0 0.13 5.75 0.46 8296
429 0.01 50.34 0.0 4151 0.0  0.01 0.01 002 0.0 0.0 0.16 9.46 0.51 102.04 ol
430 0.03 37.58 1.37 39.88 023 0.09 0.0l 0.04 0.0 0.02 0.16 3.50 0.14  82.06
431 0.01 50.01 0.02 41.26  0.02 0.0 0.01 0.06 0.0 0.0 0.14 9.03 0.43 100.99 ol
432 0.01 38.02 0.04 39.04 009 0.14 0.0 0.05 0.0 0.04 0.12 5.86 0.40 83.80
435 0.02  49.73 0.02 40.79  0.02 0.0 0.01 0.07  0.09 0.05 0.14 9.34 0.48 100.75 ol
436 0.03 37.78 0.02 36.43 007 021 0.0 0.06 0.0 0.04 0.01 5.89 0.39 8102
437 0.01 50.25 0.0 4136 00 0.01 0.0 0.04 0.0 0.0 0.13 9.45 0.49 101.76 ol
438 0.04 37.13 0.03 37.51 0.09 034 0.01 0.04 0.01 0.0 0.10 5.32 0.28 81.00
439 0.0 50.15 0.02 4118 0.0 0.0 0.0 0.04 0.0 0.04 0.18 9.66 0.52 101.80 ol
440 0.04 38.26 0.12 3834 016 0.27 0.0 0.05 0.0 0.02 0.16 5.76 0.39 83.57
441 0.0 50.27 0.0 41.16  0.04 0.02 0.02 003 0.0 0.01 0.10 9.51 0.50 101.65 ol
442 0.03 36.46 0.04 3779 010 0.17  0.01 0.02 0.0 0.04 0.10 5.02 0.38  80.15
443 0.0 50,10 0.02 41.09  0.02 0.0 0.0 0.02  0.02 0.0 0.12 9.54 0.46 101.39 ol
444 005 38.16 0.63 38.86 0.19 0.21 0.02 005 0.04 0.11 0.11 4.67 0.33 8344
193 0.02  48.25 0.02 4137 00 0.0 0.0 0.04 0.0 0.03 0.10 8.39 0.38 98.60 ol
194 0.0 38.47 0.02 38.74  0.14 027 0.0 0.04 0.0 0.0 0.07 4.38 0.38  82.51
263 0.02 49,54 0.0 41.71  0.05 0.0 0.01 0.02 0.0 0.02 0.15 9.09 0.50 10L11 ol
264 002  38.16 0.04 38.03 0.3 035 0.0 0.05 0.05 0.0 0.10 6.14 0.46 B3.54
0

5R-2, 52-54 ¢cm 45.7 28 0.04 3333 3.83 5546 0.02 002 0.01 1.70  0.15 0.77 .12 5.48 0.18 101,12  opx
27 0.07  34.79 318 37.18 021 046 0.01 0.50 0.13 0.58 0.14 4.89 0.18 82.32
0 0.03 31.67  4.02 5432 0.0 002 00 1.67  0.11 0.80 012 -532 0.11  98.20 opx
3l 0.11 30.67 2.52 42.00  0.11 039  0.02 400 0.03 0.59 0.10 3.88 0.13 8455
348 0.04 32.96 3.91 55.07 0.0 002 0.02 1.49  0.05 0.71 0.14 6.03 0.13 100.58 opx
349 0.09  36.15 1.97 3890 077 031 004 0.11 0.0 0.38 0.19 4.13 0.07 83.09
350 0.04 3235 3.98 55.05 0.0 002 0.0 1.71  0.04 0.68 0.14 6.12 0.19 100.32 opx
351 0.09 35.05 3.04 36.88 0.28 023 0.02 0.09 0.04 0.57 0.20 4.45 0.11  81.04
352 0.05  33.11 3.16 5595 0,02 0.0 0.01 1.77  0.03 0.56 0.15 6.05 0.13 10100 opx
353 0.07 3473 2.88 38.67 026 0.13  0.02 0.10  0.04 0.73 0.27 6.30 0.16 84.35
354 0.03 32.39 3.98 54.90  0.04 0.0 0.0 1.73  0.09 0.73 0.16 6.01 0.13 10020  opx
355 0.07 35.83 2.29 38.21 031 023 0.02 0.12  0.10 0.51 0.23 5.88 0.14  B83.95
362 0.33 17.83 5.01 51.96  0.01 0.0 0.0 20.29  0.13 1.15 0.14 3.36 0.04 100.24 cpx
363 0.03 36.63 0.54 37.24 040 065 0.01 0.06 0.02 0.02 0.18 6.32 0.47 82.59
364 037 1715 4.44 51.74  0.04 0.0 0.0 21,85 0.12 0.94 0.07 2,75 0.0 9946 cpx
365 0.04 27.00 1.04 36.93 048 033  0.01 0.11  0.03 0.04 0.17 5.96 0.50 82.63
30 002 S50.66 0.02 40.80 0.02 0.02 0.01 0.03  0.05 0.04 0.15 8.34 0.44 100.58 ol
21 0.01 39.53 0.04 389 015 023 0.0 0.03 0.03 0.0 0.12 4.91 0.34 8436
23 0.0 50.84 0.02 40.86 0.0 0.0 0.01 0.06 0.03 0.0 0.14 8.23 0.44 100.63 ol
22 0.03 38.69  0.04 37.85  0.07 065 0.01 0.04  0.03 0.0 0.05 4.59 0.30 8233
33 0.03 50.04 0.03 40.80 0.0 001 0.0 0.05 0,01 0.01 0.09 8.28 038 9973 ol
32 0.03 37.35 0.02 37.46 029 052 0.0 0.03  0.01 0.0 0.11 4.61 0.34 80.77
356 0.0 50.05 0.07 40.18  0.05 0.02 0.01 0.12 0,01 0.02 0.16 9.48 0.54 100.71 ol
357 0.04  37.82 0.04 38.23 020 0.5 0.01 0.03 0.0 0.04 0.12 5.54 0.40 82.62
358 0.01 50.07  0.03 41.25  0.01 0.0 0.0 0.06 0.05 0.0 0.14 9.39 0.46 101.48 ol
359 005 37.81 0.15 2900 0.26 023 0.0 0.04 0.0 0.0 0.13 5.76 0.28 83.71
360 0.0 50.35 0.0 40.73 0.0 0.0 0.01 0.04 0.0 0.01 0.19 9.15 0.47 100.96 ol
361 0.03 3896  0.04 38.82 023 0.9 0.02 0.04 0.13 0.04 0.12 5.46 0.35 84.43
368 0.02  50.24 0.02 40.83  0.01 0.0 0.0 0.02 0.0 0.01 0.15 9.46 0.51 101.27 ol
369 004 3793 0.05 38.77 0.4 024 0.0 0.02  0.13 0.01 0.11 4.62 0.42 B82.48
370 0.0 49.87 0.0 40.81 0.0 0.0 0.01 0.05 0.0 0.0 0.14 9.34 0.51 100.76 ol
371 0.03 37.71 0.02 37.50 0.8 0.17 0.0 0.03 0.0 0.01 0.12 5.88 0.38 82.01

9R-1, 107-109 cm 84.1 91 0.02 16.11 0.0 5536  0.03 0.02 0.0 2474 0.0 0.0 0.23 2.70 0.05 99.27 cpx
372 0.02 15.73 0.04 5433  0.07 0.0 0.02 25.04 0.01 0.04 0.55 3.79 0.04 99.68 cpx
in 0.05 3496 036 4227 0.05 0.04 0.03 0.08 0.01 0.21 6.72 0.04 8486
374 0.02 16.44 0.03 54.09  0.01 0.0 0.0 25.56  0.02 0.0 0.29 3.03 0.04 99.53 cpx
375 0.07  33.74 0.26  40.82 0.13 006 0.03 0.13 0.0 0.04 0.24 6.85 0,03 82.38
376 0.03 16.33 0.02 5467 0.0 002 0.01 2509 0.04 0.04 0.39 3.70 0.04 100.37 cpx
377 0.15 34.30 0.43 41.89  0.11  0.06 0.07 0.07  0.02 0.01 0.17 6.46 0.05 83.78
378 0.02 16.51 0.07 5484 0.03 001 0.01 2557 0.0 0.02 0.32 3.40 0.04 100.84 cpx
379 007 3415 0.02 40.55  0.14 0.17  0.02 0.15  0.04 0.0 0.17 5.60 0.01 8110
380  0.01 16.46  0.02 5484 0.0 0.0 0.01 2543 00 0.01 0.31 3.16 0.05 100.31  c¢px
381 0.06  26.28 0.08 43.00 0.12 0.08 0.02 6.88 0.0 0.0 0.20 5.51 0.0 8223
382 0.0 16.68 0.03 54.57 0.0 0.0 0.0 2594 0.0 0.05 0.25 2.84 0.04 100.41 cpx
384 0.04 33.91 0.35 41.28  0.13  0.12  0.04 0.12  0.02 0.06 0.17 7.07 0.03 83.44
386 0.01 15.12 0.02 5377 00 0.0 0.01 2551 0.0 0.04 0.23 5.10 0.03 99.85 cpx
387 0.04 3643 0.04 41.87  0.14 0.08 0.01 0.1 0.0 0.02 0.21 5.07 0.02  84.06
388 0.02 15.32 0.05 5371 0.02 0.0 0.0 25.29 0.0 0.01 0.24 4.91 0.04 99.62 cpx
389 0.13 34.96 0.05 41.56 0.21 0.14 0.06 0.75  0.06 0.0 0.24 5.42 0.02 83.61
3%  0.02 14.59  0.04 5438 0.0 0.0 0.0 25.18  0.01 0.03 0.25 5.69 0.04 100.24 cpx
391 0.08  24.42 0.02 4864 009 008 0.03 11.75 0.05 0.04 0.26 5.48 0.01  90.95

! Depth in meters below seafloor. 2 Analyses divided into analytical pairs—primary mineral and its immediately surrounding secondary phase: opx = orthopyroxene;
cpx = clinopyroxene; ol = olivine.
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Figure 3. NiO wt% partitioning between primary silicates and coexisting lizardite pseudomorphs.

hydration of anhydrous peridotite systems result in the char-
acteristic reactions:

Olivine + SiO, + H,O = Antigorite + Magnetite (1)
Olivine + Enstatite + H,O = Serpentine + Magnetite (2)

studied respectively by Labotka and Albee (1979) and Bowen
and Tuttle (1949). Experimental investigations indicate that
when P, = PH,0, the temperatures of these reactions range
between 30° and 500°C (see Elthon, 1981, and Janecky and
Seyfried, 1986, for reviews). At this stage of very low to low
grade metamorphism, lizardite pseudomorphically replaces
olivine, and enstatite is stable (Miyashiro et al., 1969; Au-
mento and Loubat, 1971; Bonatti and Hamlyn, 1981). Accord-
ing to Janecky and Seyfried (1986) reactions (1) and (2) are
spontaneous at 300°C (0.5 kb).

Talc formation may be initiated when metamorphic fluid
temperatures rise, causing previously formed serpentine to be
resorbed during prograde metamorphism (Deer et al., 1962;
Caruso and Chernosky, 1979: Moody, 1976, 1979; Elthon,
1981). Talc formation can be accompanied by clinochlore
formation:

Lizardite = Talc + Forsterite + Clinochlore + Fluid (3)
(Fo>92)

or formed directly from enstatite:
Enstatite + H,O = Antigorite + Talc (4)
These two reactions explain the close association of talc with

olivine and talc with serpentine (antigorite). Reaction (3)
occurs when PH,0 = 2kb and T = 582°C (Caruso and Cher-
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Figure 4. Cr,0; wi1% partitioning between primary silicates and lizardite pseudomorphs.

nosky, 1979). However, no olivine more forsteritic than Fog,
was detected in microprobe work suggesting that reaction (4)
is the most likely to have occurred. The first appearance of
talc also is controlled by the composition of the metamorphic
fluid. Recent work by Janecky and Seyfried (1986) has shown
that talc formation is favored by high activities of SiO,, MgO,
and H'. The early increase of dissolved SiO, in metamorphic
fluid, caused by hydration of pyroxenes, is likely to lead to
talc formation below 300°C. Consequently, it is very difficult
to use talc as a temperature indicator. Evans and Trommsdorff
(1970) have shown that talc forms at 310°C in high SiO, fluids,
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and at 460°C if olivine is formed by deserpentinization at
PH,O = 2 kb. Talc is stable up to 500°C for fluids with XCO,
= 0.25 (Trommsdorff and Evans, 1977). Antigorite locally
occurs in small shear zones and forms mainly by replacement
of chrysotile (e.g., Sample 670A-5R-1, 111-113 cm). It is in
turn replaced by tremolite. Moody (1979) and Elthon (1981)
suggested that both high pressure and temperature favor
antigorite formation over the other serpentine pelymorphs.
Antigorite can form in the temperature range of 325°-500°C
and at pressures of less than 3 kb. The antigorite upper
stability limit is defined by the reaction:
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Figure 5. Al,O; wt% partitioning between primary silicates and lizardite pseudomorphs.

Antigorite + Diopside = Tremolite + Forsterite + H,O
(5)

This reaction is characteristic of medium grade metamorphism
of ultramafic rocks (Evans, 1977). Experimental work by
Robinson et al. (1982) have shown that reactions involving the
formation of talc instead of tremolite occur at 525°C and 2 kb.

Clinochlore formation is controlled by reaction (3). The
upper stability limit was investigated by Fawcett and Yoder
(1966):

Clinochlore = Forsterite + Enstatite + Spinel + H,O
(6)

and by Seifert (1974):

2 Chlorite + 6 Enstatite = 7 Forsterite + Cordierite
+ 8H,0 (7)

The temperatures and pressures determined for these reac-
tions are respectively 750°C at 3.5 kb and 700°C at 2 kb. Since
deserpentinization of olivine was not observed, the upper
temperature limit for the metamorphic fluids can be fixed.
These temperatures appear to be too high in the particular
context of lizardite stability field. Formation of tremolite
found in close association with antigorite, chrysotile, talc, and
chlorite is favored by calcium-bearing fluids and high water/

rock ratios (Elthon, 1981). The formation of tremolite is
controlled by reaction (5) calibrated at 415°C and 2 kb PH,0
(Evans and Trommsdorff, 1970; Peacock, 1987). Formation of
tremolite in the system MgO-CaO-Si0,-CO,-H,0 is controlled
by XCO, of the metamorphic fluid. Increasing XCO, involves
an increase in temperature for the first appearance of tremo-
lite, from ~400°C for XCO, = 0, to 550°C for XCO, = 1.0 (see
review in Mueller and Saxena (1977) and in Peacock (1987)).
We conclude that the fluid in Hole 670A had a low XCO,. This
interpretation agrees with cathode luminescence studies of the
Hole 670A peridotites where very little carbonate was found.
Calcium released during serpentinization of peridotite was
partly fixed in the tremolite molecule (Bonatti et al., 1984) and
largely reflects the original calcium content of the unserpen-
tinized peridotite (Komor et al., 1985). By combining the
various experimental constraints, the likely maximum temper-
atures of serpentinization and of late metamorphism were in
the range of 400° to 550°C at pressures from 2 to 3kb with a low
XCO, for the fluid. Further seawater circulation is responsible
for actual oxygen isotope ratios and corresponds to a late-
stage rock-fluid equilibrium (Stakes et al., 1984). This suggests
that mineral parageneses can indicate maximum metamorphic
temperatures and that oxygen isotopes compositions reflect
continued fluid-rock oxygen exchange after the main meta-
morphic events that are responsible for the secondary mineral
assemblages.
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Origin of Hole 670A serpentinites

The Hole 670A serpentinites result from the pronounced
hydration and shearing of refractory upper mantle harzburg-
ites. The pervasive serpentinization provoked a volume in-
crease and a drastic density decrease from 3.3 to 2.6 g/cm’®
(see the **Physical Properties’’ section in Shipboard Scientific
Party, 1988). The hydration of the peridotites was responsible
for establishing a sufficiently large gravity gradient to initiate
diapiric uprise of the serpentinite body (Bonatti, 1976). There
is no indication of how water reached the upper mantle but, it
is likely that open fissures, characteristic of slow spreading
and non-constructive areas of ridge axes, can provide a path
for seawater circulation. In this context, a thin basaltic
carapace is a permeable cover and allows virtually unlimited
access of seawater to penetrate into upper mantle lying at
shallow levels. The diapir would rise along normal faults
parallel to the ridge axis. This interpretation is confirmed by
observations made of a linear magnetic anomaly on which
Hole 670A is centered. The diapiric motion is capable of
creating dilation fissures, as well as shearing, in response to
changing tectonic constraints and volume increases (Francis,
1981; Komor et al., 1985). A diapir model for the emplacement
of the Leg 109 serpentinites can also explain the flat foliation
observed in recovered cores and submersible dives (Karson,
pers. comm., 1986). Similar serpentinized ultramafic intru-
sions have been described elsewhere (Aumento and Loubat,
1971; Bonatti, 1976) and constitute a significant part of the
oceanic crust. This model is also supported by high tempera-
ture metamorphic mineral assemblages, which subsequently
reequilibrated to lower temperatures, as shown by oxygen-
isotope results. This progressive reequilibration is likely to
occur in a dynamic environment characterized by upward
motion, precluding metamorphic equilibrium.
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Table 2. Whole-rock oxygen isotope
geochemistry of serpentinized periodo-
tites from Hole 670A with increasing

depth.
Depth
Samples (mbsh  8'80-sMOW
2D-1, 20-23 cm 17 8.8
6R-1, 19-22 cm 54.8 7.3
6R-1, 38-40 cm 55 6.2
6R-1, 54-56 cm 55.1 4.7
TR-1, 10-12 cm 64.1 4.3
7R-1, 25-27 cm 64.3 6.8
8R-1, 6-8 cm 73.6 6.7
9R-1, 10-12 cm 83.1 3.7
9R-1, 63-65 cm B3.6 8.1
CONCLUSION

The Site 670 serpentinized peridotite body is a diapiric
intrusion of upper mantle rocks. Petrographic studies show
several stages of hydration recording several steps of primary
mineral replacement, tectonic constraints, and uplifting. Flat
foliation locally disturbed by oblique shearing is related to
vertical motion of emplacement. Mineral chemistry of serpen-
tine pseudomorphs and primary silicate phases show impor-
tant modifications in original Al,O;, NiO, and Cr,0; contents.
However, pyroxene-derived pseudomorphs retain their origi-
nal Al,O; and Cr,0; signatures and are easily separated from
olivine-derived pseudomorphs. The FeO content of lizardite
pseudomorphs can be used to discriminate between orthopy-
roxene-derived and clinopyroxene-derived pseudomorphs;
NiO and Al,O, contents can also be used for this purpose, but
discrimination is more difficult.

Both the metamorphic assemblages and oxygen isotope
determinations show that serpentinization of the peridotites
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occurred by circulation of heated, water-rich, CO,-poor fluids.
Tremolite, talc, clinochlore, and lizardite parageneses suggest
metamorphic temperatures ranging from 325° to 525°C, at less
than 3 kb total pressure, while oxygen isotope data suggest
further reequilibration at temperatures of near 200°C for the
dominant lizardite-magnetite assemblage. The serpentiniza-
tion of oceanic upper mantle is favored by thin basaltic crust
in non-constructive ridge segments, open fissures related to
spreading, and by normal fault planes at rift valley walls.
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METAMORPHIC PETROLOGY, HOLE 670A SERPENTINIZED PERIDOTITES

Plate 1. 1. Well-developed mesh texture of lizardite (L) after olivine. Thin section from Sample 109-670A-9R-1, 10~12 ¢m. Scale bar is 1 mm long.
2. Serrate texture: magnetite (M) infiltration from a magnetite veinlet into lizardite (L). Thin section from Sample 109-670A-3W-1, 12-14 cm.
Scale bar is 0.5 mm long. 3. Crosscutting relationships: talc (T) veinlet is displaced by younger talc (T) + chlorite (C) veinlet. Thin section from
Sample 109-670A-5R-2, 50-52 cm. Scale bar is | mm long.
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